CHARACTERIZATION OF MAGMA STORAGE AND DYNAMICS AT AKUTAN,
SEMISOPOCHNOI, AND OKMOK VOLCANOES FROM ANALYTICAL AND
NUMERICAL MODELS OF GEODETIC, SEISMIC AND PETROLOGIC DATA

Approved by:

___________________________________
Prof. Zhong Lu
Professor of Geophysics

___________________________________
Prof. Crayton Yapp
Professor of Geology

___________________________________
Prof. Heather DeShon
Associate Professor of Geophysics

___________________________________
Prof. Rita Economos
Assistant Professor of Geology

___________________________________
Dr. Hélène Le Mével
Staff Scientist-Carnegie Institution for Science

CHARACTERIZATION OF MAGMA STORAGE AND DYNAMICS AT AKUTAN,
SEMISOPOCHNOI, AND OKMOK VOLCANOES FROM ANALYTICAL AND
NUMERICAL MODELS OF GEODETIC, SEISMIC AND PETROLOGIC DATA

A Dissertation Presented to the Graduate Faculty of
Dedman College
Southern Methodist University
in
Partial Fulfillment of the Requirements
for the degree of
Doctor of Philosophy
with a
Major in Geophysics
by
Kimberly DeGrandpre
M.S., Geophysics, University of Alaska, Fairbanks, Alaska
B.S., Geology, Portland State University

May 16, 2020

Copyright (2020)
Kimberly DeGrandpre
All Rights Reserved

DeGrandpre, Kimberly

M.S., Geophysics, University of Alaska, Fairbanks, Alaska
B.S., Geology, Portland State University

Characterization of Magma Storage and Dynamics at Akutan,
Semisopochnoi, and Okmok Volcanoes from Analytical and
Numerical Models of Geodetic, Seismic, and Petrologic Data
Advisor: Professor Zhong Lu
Doctor of Philosophy conferred May 16, 2020
Dissertation completed April 28, 2020

Volcanic eruptions can cause significant socioeconomic loss, but a better understanding of
the processes and dynamics influencing the evolution of volcanic plumbing systems will advance
the development of eruption forecasting models that will ultimately mitigate hazards and risks
associated with eruptive events. Geologic and geophysical data must be integrated in 3D, finiteelement, multiphysical, numerical models to define the coupled evolution of magmatic and crustal
stress regimes in volcanic environments, but in data limited regions this is not always an option.
The remote nature of the Aleutian Island Arc restricts ground-based monitoring and sampling
efforts, and due to sparse temporal and spatial coverage of geophysical data, volcanic activity is
often unreported. In this study I initially focus on creating preliminary models for previously
unidentified, non-eruptive, inflation events at two such data limited locations, Akutan and
Semisopochnoi Volcanoes. After investigating the effect of noise, error, and bias in data
processing and modeling techniques I focus on developing a 3D, multiphysical, finite-element,
numerical model for the 2008 eruption of Okmok Volcano, in order to construct the first coeruptive, interdisciplinary model that integrates GPS, InSAR, seismic, and petrologic datasets.
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Two inflation events (2008 and 2014) were identified and modeled at Akutan volcano using
three component (east, north, and vertical) displacement measurements from 12 local, continuous
GPS stations during 2002-2016. Multiple estimates of local tectonic motion were also compared
in order to most precisely isolate the resulting volcanic signal from the GPS time series. This
volcanic deformation was then used to constrain deformation source model parameters for three
geometries that are commonly used in analytic models.
The best fit model parameters resulting from these inversions describes magma storage in
the form of an oblate spheroid centered on the northeastern rim of the caldera of Akutan volcano,
extending from a depth of 7 km to 8 km, with a length of ~3.5 km, a strike of ~ N165°E, and a dip
of ~ 63° from the horizontal to the southwest. The inflation event observed in 2008 was estimated
to be the result of an injection of magma of ~0.08 km3 that was followed in 2014 by an additional
increase in volume of ~ 0.06 km3. No periods of deflation were observed in the GPS data after
these events, and the total volume of magma accumulated in this region, ~0.2 km3, is interpreted
to be accumulating in a shallow storage system beneath Akutan Volcano. A comparison of the
geodetically constrained deformation source model with published seismic tomography maps
revealed striking similarities, to the extent that our interpretations of these independent datasets
produced identical characterizations regarding the size and location of magma storage at Akutan.
Following these results, InSAR data was acquired and compared to the GPS time series.
InSAR time series analysis using permanent scatterers (PS) from 2003 to 2016 reveal surface
displacement at Akutan Volcano in more detail. Four tracks of Envisat data acquired from 2003 to
2010 and one track of TerraSAR-X data acquired from 2010 to 2016 were also processed to
produce high-resolution surface deformation, with a focus on studying the two episodes of
inflation (2008 and 2014) previously identified in the GPS time series. For the TerraSAR-X data,
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the atmospheric delay was estimated and removed using the common-master stacking method. The
derived deformation maps show a consistently uplifting area on the northeastern flank of the
volcano, which is consistent with the displacement pattern measured using GPS. From the
TerraSAR-X data, the velocity of the subsidence inside the caldera is estimated to be as high as 10
mm/year and an additional area of subsidence is identified near the ground cracks created during
the 1996 seismic swarm and failed eruptive event.
The InSAR displacement was then used to test the deformation source geometries
investigated in the GPS study. Unfortunately, the InSAR data was too noisy and did not have
enough coherence for these analytical models to converge on a set of statistically significant
parameters. Because the models applied to the GPS and InSAR data were the same, these two
studies proved to be a valuable investigation into the differences between GPS and InSAR data
while highlighting the strengths and limitations associated with processing methods for each
dataset.
At Semisopochnoi Volcano differential SAR techniques were applied to high-resolution
TerraSAR‐X data that measured surface deformation from 2011 to 2015. Two episodes of rapid
inflation that produced island‐wide, radial uplift totaling a minimum of 25 cm (+/−1 cm) line of
sight displacement between 2014 and 2015 were identified. Two microseismic swarms, with
evidence of volcanic tremor, were also been recorded in June of 2014 and the spring of 2015.
Multiple deformation source geometries were tested in an inversion using this deformation data
with analytic models. The best fit model parameters define a spheroid trending to the northeast
and plunging to the southeast, with a major axis of ~4 km and minor axis of ~1 km, directly under
the central caldera of Semisopochnoi. In 2014, a modeled influx of 0.043 km3 of magma caused
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line of sight displacement of ~17 cm. This magma was stored at a depth of ~8 km, until 2015 when
0.029 km3 was added.
Magma intrusion rate is a key parameter in eruption triggering but is poorly quantified in
existing geodetic studies. The limited temporal resolution of the InSAR data restricted
interpretations of magma volume flux, so integration of the geodetic and seismic data was
attempted to better define this phenomenon at Semisopochnoi Volcano. The best fit deformation
source model was converted into a low velocity zone within a regional 3D velocity model and used
as a priori information for the seismic tomography model. The recorded seismic events were
simultaneously relocated using differential travel times of both P- and S- waves. Unfortunately,
synthetic testing revealed that the local seismic network station geometry restricted the velocity
model resolution at shallow depths. However, the relocated events outlined a linear aseismic area
within a larger zone of shallow (<10 km) seismicity, regardless of the initial starting velocity
model. The aseismic region is located beneath the main caldera and is aligned with the centroid of
the deformation model. Based on these geodetic and seismic models, the plumbing system at
Semisopochnoi is interpreted as a spheroidal magma storage zone at a depth of ~8 km below a
linear feature of partial melt. The observed deformation and seismicity appear to result from rapid
injection into this main storage region, but temporal limitations of the InSAR data, due to snow
cover during winter months, prohibited direct correlation with seismic activity.
Semisopochnoi was quiescent from the summer of 2015 until September 2018 when
satellite images and seismic data revealed that a minor eruption had produced a fresh ash deposit
on the western flank of Mount Cerberus associated with the onset of seismic activity. Seismic,
infrasound, spaceborne optical imagery, and Sentinel-1 InSAR interferograms reveal small,
sporadic, ongoing eruptive activity throughout the fall of 2018 and into 2019. The eruption events
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involved ash and steam, with changes to the summit crater lake, but there continued to be no
evidence of surface deformation since the 2015 inflation episode. The lack of deformation
indicates that the volcanic plumbing system at Semisopochnoi remains charged, and the eruption
activity reflects processes such as volatile exsolution and ascent rather than magma migration.
The third volcanic subject of this work is Okmok Volcano in the central Aleutian arc, just
to the west of Akutan Volcano on Umnak Island. First, a new, simple method to estimate coeruptive displacement from campaign and continuous GPS sites was devised to investigate the
variability of analytic deformation source model parameters in previously published material.
While the case for a single deformation source centered in the caldera, at a depth of ~2,8 km bsl is
supported, additional evidence in the residual motion of GPS sites on the southeastern flank of the
volcano indicate differential tectonic motion of ~1-2 cm/yr to the southwest on Umnak Island.
This motion aligns with volcanic centers and the island structure, and could indicate an unmapped
fault. Additional studies that investigate seismic data and stress conditions within the crust will
prove valuable in the future.
Finally, the main contribution of this work involving the construction of a threedimensional, multiphysical, finite-element model of co-eruptive deformation and dynamics at
Okmok Volcano from seismic and petrologic data. A DEM is applied to a crustal block of 30 km
to provide a realistic structure for the model environment. P- and S- wave velocities estimated
from tomographic inversions of differential travel times are used to define the location and
geometry of the magma chamber from an isosurface where P-wave velocities are 4.7 km/s. The
tomography map is then used in equations that relate seismic velocity with elastic parameters of
the crust, to define a model space that is not limited by the common assumptions of a homogenous,
isotropic, elastic, half-space.
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Petrologic estimates for magma temperature and melt composition are used in published
equations for dynamic viscosity to define the physics of the fluid that is modeled within the
seismically defined chamber. The erupted volume as mapped during geologic field surveys directly
following the 2008 eruption defines the volume that is withdrawn from the modeled magma
reservoir, leading to estimates of co-eruptive surface displacement.
This method of data-defined model space proves to be a valid approach for a more realistic
model of volcanic plumbing systems, as the magnitude and spatial distribution of surface
deformation agrees with the co-eruptive displacements defined in the previous study. A model
fully constrained by other geophysical/geological datasets, without user assumption or bias is a
considerable contribution to scientific efforts to define a volcanic plumbing system. This coeruptive model that addresses a simple, finite moment in time can be used in the future to build
time series analysis of complicated mechanics and processes that drive pressure and stress changes
within volcanic systems.
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are much more realistic than the simplified geometry and assumptions implicit in analytic
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Figure 2.14. Models of magma chamber models at Okmok volcano from three different datasets.
A comparison of independent and joint inversions (a-d) of GPS and InSAR data shows the
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lower velocities at shallow depths assumed to be related to unconsolidated caldera fill and a
deeper reservoir at depths of 4-6 km. These two models show that different geophysical datasets
can create different estimates of the same geophysical feature. This is just one example of why
there is a need to focus future studies on interdisciplinary models that can predict measurements
of all available datasets. By utilizing data from across many geologic and geophysical studies
more realistic models will be constructed. Modified from Biggs et al. [2010] (a-d) and
Masterlark et al. [2010] (e-h). .................................................................................................. 57
Figure 2.15. Magma chamber models that explore geodetic surface displacements by using
petrology and geochemical reactions to create deformation. The top image shows variations in
overpressure and volume change with fractional crystallization in spheroids with minor axes of
0.5 km (a), 1 km (b), and 2 km (c) to imitate a sill to spherical chamber shape. The bottom two
panels plot the change in volume through time resulting from the exsolution of volatiles in a
chamber composed of two different magmas. These models show that assumptions of
incompressible magma and directly relate displacement to volume flux of magma are invalid.
Modified from Gregg et al. [2013] (top) and Caricchi et al. [2014] (bottom). ........................ 59
Figure 2.16. Examples of volcanic deformation models that tested the effect of elastic,
homogenous and isotropic half-space assumptions made in simple analytic models. The top six
plots show the difference in the temperature, viscosity, and Young’s modulus when the
geotherm is included in the model environment at temperatures of 30° C/km (left three panels)
and 50° C/km (right three panels). These plots exhibit that simply adding a geothermal gradient
and perturbations to this gradient significantly change elastic properties of the crust. The bottom
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panel shows the difference in source depth estimation between a homogenous model (HOM)
and a heterogenous (HET) model for spheres with radii (rs) of 1000, 1500, and 2000 meters.
Modified from de Silva and Gregg [2014] (top) and Masterlark et al. [2012] (bottom). ........ 63
Figure 2.17. Posterior distributions of model parameters for a multi-physical Bayesian inversion
of geodetic and geochemical data for the 2004 Mount St. Helens silicic dome building event.
This shows how to further investigate the fit of a model by comparing parameter relationships
and the model fit. Linear relationships that exhibit less certainty and non-unique characteristics
such as the plug length and chamber pressure are poorly constrained by the model while
chamber pressure above magmastatic is relatively well constrained. Parameters such as
compressibility, chamber bottom depth, pressure at the bottom of the chamber, and pressure at
the base of the plug are best fit by models that are at the edge of the input bounds, indicating
that additional testing with modified parameters input bounds may produce different estimates
for these variables. Modified from Anderson and Segall [2013]. ............................................ 65
Figure 2.18. Three-dimensional multi-physical finite element models of volcanic systems created
using Abaqus and COMSOL Multiphysics® software. A complete model of the Rabaul Caldera
system in Papua New Guinea created using Abaqus exhibits complicated geometry, heterogenic
features, meshing schemes, and the integrated use of topography, geologic, seimic, and
tomography data (a-d). An overview of the model environment (a) is a more realistic
representation of the simple schematic (b) that includes complicated shapes of the geologically
distinct Baining Mountains block (blue), caldera dike complex (purple), the intra-caldera fill
(gray and enlarged as c), and magma chamber (orange and enlarged as d). COMSOL
Multiphysics® is used to create a schematic for the volcanic system at Cotopaxi, Ecuador (e),
a physics-based mesh (f), and a heated magma source model with geothermal gradients, heat
flux, and lithostatic pressure (g). This is similar to the heated magma chamber model (h) also
created using COMSOL Multiphysics®. This shows the dissipation of heat through the
surrounding crust that is in contact with a 1200K magma body. These models show the state of
the art advances in volcanic modeling that have begun to address unrealistic assumptions
associated with simple analytic models. Modified from Ronchin et al. [2013] (a-d), Hickey et
al. [2015] (e-g), and Currenti et al. [2010] (h). ........................................................................ 66
Figure 2.19. Near-real time model for Mt. Etna during a period of inflation observed from GPS
data. Blue circles are seismic events during 12-14 May 2008, red boxes are parallelpiped
deformation sources optimized from two-week aggregates of the geodetic data, and green is the
cumulative magma body during the entire two-month episode (June-July 2007). The evolution
of the inflation source through time can be observed propagating to shallower depths a year
prior to the flank eruption that occurred on 13 May 2008. Modified from Cannavò et al. [2015].
.................................................................................................................................................. 68
Figure 2.20. SO2 plume maps from OMI, AIRS, and SCIAMACHY measurements for the 6 April
2005 (a) and 3 May 2005 (b) explosive eruptions of Anatahan Volcano. Timeseries of SO2
mass burden from 2004–2010 (c) with detailed plots of the SO2 and thermal (d) output during
the 2005 eruption. Modified from McCormick et al. [2015]. .................................................. 71
Figure 2.21. Conceptual models for the evolution of the volcanic plumbing system of Masaya
Volcano from 2014-2017 (a-c). In phase 3 (P3) CO2 flux peaks, which is interpreted as an
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increase in gas bubble supply from a deeper volatile-rich source (a). Formation of the lava lake
on 11 December 2015 is expected to be a result from the enhanced vesicularity of the shallow
magma reservoir coupled with magma volume flux from depth (b). Steady degassing of the lava
lake during phases 4 and 5 (P4 and P5) continues until the degassing driven magma supply
returns to a pre-eruptive state (c). Schematic of convection in a hydrothermal system that can
be used to calculate H2O mass and energy balance. Qi is mass flux, QHi is thermal flux for: the
original liquid (LO), liquid remaining after boiling (res) and liquid that condenses from the
steam separated during boiling (cond). Gas exsolution during the early stages of magma
chamber development (e). Modified from Aiuppa et al. [2018] (a-c), Bini et al. [2019] (d), and
Fournier [2007] (e). .................................................................................................................. 72
Figure 2.22. Bardarbunga-Holuhraun lava field location map (a) with MODIS thermal data of the
Holuhraun field (white outline) on 03 February 2015 (b) and thermal profile from the vent to
the lava flow front (c). Thermal profile timeseries of stacked MODIS images from SeptemberMarch from the vent to the lava flow front are then shown with a white dashed line to indicate
the distance from the vent to the flow extent (d). Eruption phases and flow characteristics are
indicated. Comparison of flow length that is measured (red) and modeled (blue) using the
Calvari and Pinkerton model that assumes channel-fed, cooling limited conditions (e).
Discrepancy between data and model from December-March indicate tube fed emplacement is
more likely. Modified from Coppola et al. [2019]. .................................................................. 73
Figure 2.23. Eruption plumes from Karymsky on 3 September 2007 (left) and Holuhraun on 25
September 2014 (right). Panels show estimates of aerosol optical depth (a, b), Ångström
exponent (c, d), fraction of non-spherical particles (e, f) and single scattering albedo (g, h) for
both plumes. Modified from Flower and Kahn [2018]. ........................................................... 74
Figure 2.24. Remotely sensed gas emissions, thermal flux, and deformation at Copahue Volcano.
Modified from Reath et al. [2019b]. ........................................................................................ 76
Figure 2.25. Volcanic thermal features (VTFs) and crater lakes identified from ASTER thermal
infrared data at six Latin America volcanoes. The specific volcano and date of acquisition are
as follows: Calabozos 25 May 2017 (a), Crater Basalt Volcanic Field 14 February 2015(b),
Izalco 11 December 2014 (c), Nevado Cachani 2 August 2017 (d), Apaneca Range 14 January
2017 (e), and El Hoyo 17 November 2000 (f). Modified from Reath et al. [2019a]. .............. 79
Figure 2.26. Examples of lava flow and cooling model design. Schematic for a model used to
analyze evolution of the lava flow produced by the Okmok 1997 eruption (a). FLOWGO heat
box thermo-rheological model of controlled volume channel flow that is limited when cooling
causes rheologic changes that impede motion. The lava viscosity, yield strength, velocity, and
corresponding channel width are estimated from the thermal state (heat budget, temperature of
core, base, surface, crust) and physical state (crustal coverage, crystallinity, vesicularity) (b).
Thermal conduction model schematic for lava flows with both smooth (c) and rough (d) surface
material. Modified from Patrick et al. [2014] (a), Chevrel et al. [2018] (b), and Aufaristama et
al. [2018] (c and d). .................................................................................................................. 81
Figure 2.27. Three-dimensional lava flow map and crossection with the model domain indicated
in red (a). Viscosity, temperature, and velocity target functions (b) can be obtained after 30
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iterations as the residuals are significantly reduced by the 31st iteration (c). Modified from
Tsepelev et al. [2019]. .............................................................................................................. 83
Figure 2.28. Thermal anomaly detected using Landsat 7 (ETM+) during the 05 August 2001 lava
flow on Mt. Etna (a). Thermal infrared band 6 (b) and SWIR bands 7 (c) and 5 (d) compare
emissivity measurements for a common pixel (green box). Flow extent results estimated using
the MAGFLOW model show a 600 m difference in lava flow length with decreasing emissivity
(e, f, g). Modified from Rogic et al. [2019]. ............................................................................ 84
Figure 2.29. Simulations of PDCs in two and three dimensions. Timeseries of a three-dimensional
model for a PDC defined by an initial velocity, initial mixture density, two particle classes in
equal proportion and a constant temperature (a). Comparison of two-dimensional models with
saltation (c, d) and leaky (e, f) boundary conditions and two different particle sizes: St << 1 (a,
c) and St ~ 1 (b,d). Modified from Dufek et al. [2009, 2015] (b) and (a) respectively. .......... 87
Figure 2.30. Mechanisms for PDC generation (a) and types of models used to simulate associated
properties and dynamics (b-d). PDC model complexity can vary from dilute one-dimensional
models (b), to depth-averaged coulomb models (c), and the most complicated, multiphase
models (d). Modified from Dufek et al. [2015]. ...................................................................... 88
Figure 2.31. Block and ash flow model predictions for Tacana Volcano. Maps of the thickness and
spatial distribution of PDC deposits when the source location model parameter is varied for
eight different eruptive vents given a fixed volume of erupted material (30 x 106 m3) and basal
friction angle (20°) (A-H) estimate significantly different flow directions, but similar thickness
and distance from the source. Variations in basal friction angle for a high-volume eruption (100
x 106 m3) that occur from the same eruption source (co-located with the source location applied
in panel G) show that higher basal friction angles, 23° (I) and 20° (J) reduce the spatial extent
of flow runout than lower angles, 18° (K) and 12° (L). Modified from Vázquez et al. [2019].
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Figure 2.32. Model simulations of eruption plumes 800 seconds after onset, with varying mass
flow rates, 109 kg/s (a), 109.5 kg/s (b), 1010 kg/s (c), 1011 kg/s (d). The top panel of each group
(a, b, c, d) is a vertical cross-section of the mass fraction of erupted mixture, the middle panel
is the density difference between the eruption plume and the atmosphere, and the bottom panel
is a three-dimensional mass fraction (0.01) isosurface. Modified from Costa et al. [2018]. ... 91
Figure 2.33. Three dimensional, large-eddy, volcanic plume model timeseries for 5, 10, 15, and 20
min (a, b, c, d) after eruption onset of the 2009 event at Redoubt Volcano. Corresponding
remotely sensed measurements of radar reflectivity show the effects of hail on measurable
properties of eruption plumes (e, f, g, h). Modified from Van Eaton et al. [2015]. ................. 92
Figure 2.34. Plume-SPH models for a dusty gas volcanic plume 500 seconds after eruption. Threeand two-dimensional visualizations and slices of the Plume-SPH predictions (a, b). Model
results illustrate two-dimensional expressions of mass fraction as a point cloud (c) as well as
arrows and contours (d). Modified from Cao [2018]. .............................................................. 95
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Figure 2.35. Model results for density temperature and distribution of the air and erupted materials
for pressure balanced (a, c) and overpressured (b, d, e) eruption plumes. Modified from Ogden
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Figure 2.36. Model results for a strong eruption plume in a windless atmosphere (a). Plume
parameters, mass fraction of erupted material (b), density difference (c), temperature difference
(d), and upward velocity (e) are estimated using the SK-3D model. Available 3D model results
of the time-averaged mass fraction of erupted material is shown in cross-section for ATHAM
(f), SK-3D (g), ASHEE (h), and PDAC (i) models. Differences in model results and parameter
distribution indicate that appropriate model selection is essential for definition of erupted plume
dynamics and properties. Modified from Suzuki et al. [2016]. ............................................... 99
Figure 2.37. Interpretations in both time and space for Piton de la Fournaise and Hakone Volcanoes
constructed from deformation source models constrained with remotely sensed geodetic data.
The effect of deformation source pressure change was investigated at Piton de la Fournaise
using GPS data (a). Deformation source models that are fit to InSAR data describe the evolution
of the magma and hydrothermal plumbing system at Hakone Volcano (b). Modified from
Holohan et al. [2017] and Kobayashi et al. [2018]. ............................................................... 103
Figure 3.1. Location map of Akutan island in the central section of the Aleutian arc. The break in
the continental shelf can be seen in the bathymetry to the north of the highlighted area, and
arrows indicate motion of the Pacific plate towards the Bering and North American plates along
the Aleutian trench. The inset shows Akutan island, with Akutan village, Hot Springs Bay, and
Lava Point labeled. GPS stations are plotted as red squares and seismic stations as yellow
triangles, the stable reference GPS site, AV15, is labeled and located at the red square with the
thick black border. The green rectangle outlines the approximate area of surficial ground cracks
and extensional features that formed during the March 1996 earthquake swarm.................. 134
Figure 3.2. Time-series of daily position solutions relative to stable North America with seasonal
variations removed at GPS site AKLV are plotted for the east (top), north (middle) and vertical
(bottom) components. The horizontal components, east and north, have been detrended, but
deflation events are still barely visible. Red lines separate the five time periods, pre-2008 (1),
2008 event (2), 2009-2013 (3), 2014 event (4), and post-2014 (5). Additionally, all of the
available data were used as a time period extending from the beginning of pre-2008 to the end
of post-2014. Velocity estimates created using the model described in section 3.1 are indicated
for each time period, illustrating the sharp increase in velocity associated with the 2008 and
2014 inflation events. ............................................................................................................. 139
Figure 3.3. Calculated volcanic displacement at 12 GPS sites for six different time periods. An
estimation of tectonic velocity and reference frame contribution have been removed from the
raw horizontal data. Blue arrows are total horizontal displacements and green arrows are total
vertical displacements for each time period. Scale applies to both vertical and horizontal
displacements. Note the occasional change in scale. ............................................................. 150
Figure 3.4. Displacement estimates resulting from the best fit Yang-Spheroid models for five
different periods of GPS data at Akutan Island. The all and pre-2008 data is best fit by a YangEllipsoid model and the results are shown here. Blue arrows are total horizontal displacements
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and green arrows are total vertical displacements for each time frame. Red stars indicate the
location of the center of the spheroid or ellipsoid. Note the occasional change in scale. ...... 154
Figure 3.5. Residuals between calculated volcanic deformation data and model estimates for six
different periods of GPS data at Akutan Island. Blue arrows are total horizontal displacements
and green arrows are total vertical displacements for each time frame. Red stars indicate the
location of the center of the spheroid or ellipsoid. Note the occasional change in scale. ...... 155
Figure 3.6. Source locations for each of the best fit models in each time period in map view (top)
and in three dimensions looking from northwest to southeast (bottom). All is in black, pre-2008
is purple, 2008 is yellow, 2009-2013 is blue, 2014 is red, and post-2014 is green. The model
parameters can be found in Table 3.1. ................................................................................... 156
Figure 3.7. Displacement estimates resulting from the restricted input Yang-Spheroid models for
six different periods of GPS data at Akutan Island. Blue arrows are total horizontal
displacements and green arrows are total vertical displacements for each time frame. Red stars
indicate the location of the center of the Yang-Spheroid. Note the occasional change in scale.
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Figure 3.8. Residuals between observed data and restricted input Yang-Spheroid model estimates
for six different periods of GPS data at Akutan Island. Blue arrows are total horizontal
displacements and green arrows are total vertical displacements for each time frame. Red stars
indicate the location of the center of the Yang-Spheroid. Note the occasional change in scale.
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Figure 3.9. Earthquake relocations from Syracuse et al. [2015] are colored according to depth. The
best fit Okada model of Lu et al. [2000] is indicated with a yellow line, and the best fit Mogi
model of the same work [Lu et al., 2000] is indicated with an open blue circle with error bars.
The purple oval is the source location of the best fit Yang-Spheroid model for the 2008 and
2014 events. The fourth grey outlined area identified by Syracuse et al. [2015] as an area where
microseismic, low-frequency temporally brief seismic swarms occurred between 2003 and
2009, which are often indicative of magma transport. Descriptions of the grey areas can be
found in section 3.1. Figure modified from Syracuse et al. [2015]. ...................................... 165
Figure 3.10. Change in P and S wave velocity profiles from west to east across Akutan Caldera
estimated by Syracuse et al. [2015]. Red areas indicate slower velocity, corresponding to hotter,
less dense material, while blue areas indicate cooler, solid, dense areas. Earthquake relocations
obtained using TomoDD are plotted by size according to magnitude, and by color according to
year and the derivative weighted sums [Thurber and Eberhart-Phillips, 1999] contours are in
orange, indicating the better sampled regions. The purple ellipses represent the best fit YangSpheroid model that was estimated using the restricted input ranges. Figure modified from
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Figure 3.11. Time-series evolution of volume change at Akutan volcano, with black dashed lines
indicating the time periods defined in this paper (and noted by numbers 1-5). The slight
deflation of the pre-2008 (1) data is evident at the beginning of this plot (0.00003 km3). The
2008 event (2) shows the greatest amount of volume change, and while there is a steady flux
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(0.04 km3) in the 2009-2014 time period (3) it is nowhere near the volume added during the
shorter time periods of 2008 and 2014 (0.08 km3 and 0.06 km3, respectively). The 2014
inflation (4) ends abruptly in 2015 (5) and an increase in volume of only 0.02 km3 is estimated
since the 2014 event occurred, for a total accumulated volume 0f ~0.2 km3. ....................... 169
Figure 3.12. Three-dimensional plot of best fit Yang-Spheroid model, with relocated seismic
events from Syracuse et al. (2015). Seismic events are organized into the time periods used for
the GPS data, with the entirety of the data set (1996-2009) provided by Syracuse et al. (2015).
The top image is an oblique view from the southwest looking towards the northeast of the
spheroid’s profile, with the clear view of the 2008 seismic events relocated to the top southern
vertex of the spheroid (red cluster). The bottom image is of the same dataset, from the south
perspective of looking north. This view looks straight down the axis of the spheroid. ......... 171
Figure A3.1. Location map of Akutan island, Unalaska island, Makushin volcano, and all
continuous GPS sites available on Unalaska (DUTC, AV09, MREP, MAPS, and MSWB). For
a sense of scale the GPS sites on Akutan are also listed to show the dense network available in
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Figure A3.2. Comparison of best fit models for each of the six data sets during the 2008 (top) and
2014 (bottom) inflation episodes. From Table A1 it is clear that the Yang-Spheroid best fits
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Figure A3.3. Comparison of the 2008 and 2014 best fit source models for each data set. The
parameters for these models can be found in Tables A3.2 and A3.3. Note the different
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Figure 4.1. Topography of Akutan island with GPS and seismic stations, and SAR image outlines
plotted. Black squares are GPS stations; black triangles are seismic stations; rectangles
represent InSAR data coverage. Inset is the location of Akutan island in the Aleutian volcanic
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Figure 4.2. The distribution of relocated earthquakes on Akutan island, from Syracuse et al. [2015].
The magnitudes of the earthquakes in both panels are shown by the size of the circles. Event
distribution is colored by depth (a), with black circles signifying earthquakes that occurred more
than 15 km deep. Event distribution in time (b) is also provided with color indicating the year
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Figure 4.3. InSAR interferogram temporal and spatial baselines are connected (a-e) for each pair
of images. The averaged coherence maps for the two Envisat (ENVI) (f and g) and TerraSARX (TSX) (h) datasets show the relatively good coherence of TSX when compared with ENVI
data. Areas of decorrelation are due to loose material or vegetation coverage...................... 206
Figure 4.4. Comparison of GPS and InSAR time series from Envisat data at GPS station AKLV
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Figure 4.5. Downsampled LOS deformation spanning the year 2008 from two of the Envisat
datasets, descending track 301 (a), and ascending track 365 (b). Back arrows indicate locations
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Figure 4.6. Atmospheric phase screen (APS) associated with TerraSAR-X image acquired on Aug.
23, 2014. These interferograms (a–c), created using the same image acquired on Aug. 23, 2014,
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deformation from TerraSAR-X data. The top row are the Data/Model/Residual images resulting
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best fitting results of an opening dike in the elastic half space (Okada dislocation plane model).
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Figure 4.8. Surface deformation from the Persistent Scatterer analysis of TerraSAR-X data. The
cumulative deformation in the radar LOS direction is compared with GPS data (big squares)
that is also projected into the radar LOS (a). Two deformation profiles, across the subsidence
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series deformation from InSAR and GPS are compared at station AKLV (b) and AV13 (c). Red
and blue squares represent time series deformation from TerraSAR-X data with and without
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Figure 4.9. Detailed surface deformation near the summit area derived from TerraSAR-X data.
TerraSAR-X LOS deformation along the two profiles A-A’ and B-B’ (Fig. 8a) are plotted (b
and c, respectively). InSAR time series deformation (d and e) is calculated by averaging the
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respect to perpendicular baseline (Bn) is also plotted (f and g) to demonstrate that there is very
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Figure 4.10. The APS of a TerraSAR-X image acquired on Aug. 23, 2014. The APS derived using
common-master stacking (a) shows correlation with topography from three parallel profiles (b–
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Figure 5.1. Tectonic location map of the Aleutian Island Arc (A.), with the Bering plate outlined
in red dashed lines and clockwise rotation indicated with bold red arrow (Cross and
Freymueller, 2008). Pacific plate motion is indicated with red arrows that show increasing rate
and obliquity to the west. Outlined black box (A.) indicates the Rat Island group (B.). Red
dashed region in (B) outlines the rupture zone of the 1965 M8.7 earthquake, and epicenters and
focal mechanisms for the 2014 M7.9 and M6.4 are plotted. Semisopochnoi is outlined with a
black box. The abandoned subduction trench, Bowers Ridge, is also prominent to the north of
Semisopochnoi (black box). SAR intensity image of Semisopochnoi (C.) shows locations of
the six seismic stations, CEAP (1.), CETU (2.), CEPE (3.), CERB (4.), CESW (5.), and CERA
(6.). The prominent and recent eruptive peaks, Lakeshore Cone, Anvil, Sugarloaf, and the
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Mount Cerberus cone complex as well as Fenner Lake are labeled. The caldera is outlined by a
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Figure 5.2. Green histograms show the number of daily seismic events at Semisopochnoi Island
from the beginning of 2014 through the end of 2015. Dates of acquired SAR images are plotted
as red dashed lines (good quality) and black dashed lines (poor quality). The solid blue lines
indicate the 2014 date of the M7.9 earthquake and the 2015 initial tremor report (25 March
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Figure 5.3. Timeline created from a selection of six unwrapped interferograms from 2014. LOS
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caldera with a decrease in the deformation gradient towards the western edge of Semisopochnoi.
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images are unwrapped, and each fringe represents 1.55 cm of LOS displacement. These
conventions are applied to all interferograms [Figs. 5.4-5.5 and S5.4-S5.7]. The entire set of
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Figure 5.4. Total deformation for the year of 2014 (a.) including the seismic swarm comes to ~17.1
cm of uplift; this agrees with the sum of individual interferograms in Figure 3. In 2015 a total
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ceased, deformation is not expected to be significant and the displacement signal is dominated
by topography-correlated noise (d.). The entire set of images used for modeling is included as
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Figure 5.5. Comparison of surface deformation in processed interferograms (top row), synthetic
model estimates and their corresponding residuals during a sample of time periods during 2014.
The primary and secondary image for each interferogram is indicated at the top, and the type
of model is indicated on the left. The source location is indicated with a red star and the
associated model parameters can be found in Tables S5.6-S5.17.......................................... 250
Figure 5.6. Map and depth locations of original AVO catalog hypocenters at Semisopochnoi from
2014 to 2015 (the temporal range of available interferograms). Locations of seismic stations
are indicated with black triangles, main cones are labeled, and the dashed black line corresponds
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Figure 5.7. 1D velocity models appropriate for Semisopochnoi [Dixon et al., 2013; Fogelman et
al., 1993; Toth and Kisslinger, 1984]. Points indicate an inversion grid node within tomoDD.
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Figure 5.8. Map and depth relocations of seismic events from 2014-2015. The averaged best fit
spheroid centroid locations for the pre-2014 (red square), 2014a and 2014b (red and orange
circles, respectively), 2015a and 2015b (red and orange stars, respectively), and 2014-2015 (red
triangle) deformation source models are indicated. Black triangles are the locations of seismic
stations, main eruptive cones are labeled, the dashed black circle corresponds to the caldera rim.
Solid black boxes outline the area plotted in Figure 5.9. ....................................................... 268
Figure 5.9. Best fit grouped weighted average spheroid source models are plotted with the
relocated seismic events from 2014 and 2015. The pre-2014, 2014b, and 2015b inflation sources
are not plotted because the lack of significant deformation resulted in inconsistent source
parameters. The linear aseismic feature is well defined (red solid box) trending to the northeast
in map view (top) and dipping to the southeast in the depth plot (bottom), with potential
extensions farther to the southwest outlined with a dashed red box. An outline of the extension
of this aseismic lineation to depth in relationship to the deformation models is also drawn as a
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Figure 5.10. Conceptual model of the magma plumbing system at Semisopochnoi volcano as
interpreted from seismic and surface deformation inversions for event locations, and source
model parameters. Dark red shape is based on the averaged best fit spheroid models, with the
red hash marks indicating the region of andesitic material with higher melt and volatile content
coinciding with the aseismic region (outlined with a dashed black box). Depth profile is a
complete view at depth from the northeast (black arrow, top panel). The orange to red gradation
outlined with a red dashed line is our interpretation of deeper, lower melt content, basaltic
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CHAPTER 1
INTRODUCTION

Volcanic eruptions can result in significant loss of human life, economic strain, and drastic
changes to the global climate. Effective mitigation of these hazards and risks would ideally involve
precise forecasting models that quantify the type, magnitude, timing, and socioeconomic impact
of eruption events. Eruption forecasting models have not yet been employed because volcanic
plumbing systems are complex environments that we cannot directly observe.
Historically, geophysical models have been restricted to data from a single discipline and
in an effort to glean as much information as possible, over-interpretation of model results has
become accepted, standard practice. Recent advances in data acquisition and modeling techniques
allow for the construction of much more intricate, data-driven, geophysical and geologic models
with the ability to integrate many different types of high-resolution datasets that are increasingly
available.
Erupted material is primarily composed from magma that ascends through the lithosphere.
Often this melt fails to move directly to the surface and instead begins to accumulate within the
shallow crust. While the ascent can be arrested, the chemical, mass, and thermal evolution of the
melt continues and is increasingly coupled with the physical properties and dynamics of the
surrounding crust.
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Predicting these parameters that precede volcanic eruptions requires a comprehensive
understanding of the geologic and geophysical mechanisms that influence the volcanic plumbing
system. In its most basic form, a volcanic eruption is simply when overpressure within the crust
exceeds the rock strength of the surrounding crust and a pressure differential allows magmatic
products to reach the surface. Recent efforts to forecast the temporal evolution of magmatic
pressures that produce eruptive events have been developed utilizing surface displacement time
series with deformation source models to predict the moment of critical overpressure [Bato et al.,
2017; Zhan et al., 2017]. While such models are extremely valuable, they are dependent on the
assumption that the magmatic and crustal conditions under which future eruptions occur are the
same as previous eruptions. This assumption is, however, fundamentally invalid for the majority
of active volcanic plumbing systems due to the temporal and spatial complexity inherent in these
coupled, multiphysical, non-linear environments.
The ultimate focus of this work is the construction of a three-dimensional (3D),
multiphysical, finite element, numerical model that incorporates all available datasets across
geodetic, seismic, and petrologic disciplines. This requires the development of data processing and
modeling techniques across a range of spatial, temporal, and magnitudes of geologic and
geophysical changes that occur at active volcanoes. This dissertation approaches these
improvements iteratively using a variety of Aleutian datasets for three volcanoes: Akutan,
Semisopochnoi, and Okmok Volcanoes. The most comprehensive attempt to fully characterize a
volcanic pluming system is included as a 3D, finite-element, numerical, multiphysical model that
integrates GPS, seismic, and petrologic data to estimate the active magma storage that produced
the 2008 phreatomagmatic eruption at Okmok Volcano. An accurate representation of the
magmatic system involved in this eruption creates a foundation from which future investigations
2

involving the dynamic temporal evolution of the entire system can be better constrained by
processes such as magma volume flux from depth, volatile exsolution, crystallization, or
thermomechanical controls. Before this model is created, data processing and modeling techniques
are explored at two other Aleutian volcanoes. Analytic deformation source models at Akutan and
Semisopochnoi Volcanoes exemplify limitations in both data and modeling efforts of remote, high
latitude, active volcanoes.
3D, multiphysical, finite element, numerical models can be used to forecast eruptive events
and allow for efficient and effective mitigation of volcanic hazards. These models will also provide
a deeper understanding of the mechanics of volcanic activity and eruption, that can someday be
related to the influence of a variety of subduction parameters so that the subduction arc system can
be understood in its entirety.
1.1 Aleutian arc background
The Aleutian volcanic arc is a chain of active volcanoes that stretches approximately 2,500
km from eastern Russian to Alaska and the North American continent, a product of the Pacific
plate moving north/northwest and subducting beneath the clockwise rotating Bering plate [Fig.
1.1; Cameron et al., 2017; Cross and Freymueller, 2008; Dixon et al., 2017; McGimsey et al.,
1996; Miller et al., 1998]. This subduction is believed to have initiated, however, when the now
extinct Kula Plate first converged on the southern boundary of the Bering Plate, 35-55 mya [Fig.
1.2; Scholl et al., 1986]. The immense size of this convergent boundary creates a variety of
tectonic, and therefore volcanic, environments so that parameters used to describe a subduction
zone, such as convergence rate and angle, subducted crustal age, thickness, fabric orientation,
hydration and sediment are not constant. This further complicates any effort to correlate how
variations in subduction parameters affect observed variations in volcanic activity and eruption
3

types spatially and temporally along this arc. Before a study to relate subduction parameters with
variables related to volcanic eruptions can be attempted, there must first be comprehensive,
multidisciplinary, geophysical and geologic datasets for each individual volcano, as volcanoes
within close proximity can exhibit very different inter-eruptive or eruption characteristics, such as
Akutan and Okmok Volcanoes discussed further in this dissertation [DeGrandpre et al., 2017,
2019; Wang et al., 2018].
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Figure 1.1. Bathymetry and topography of Aleutian island arc. The clockwise rotation of the Bering plate is indicated with a large red
arrow and smaller red arrows to the south indicate direction and magnitude of the subducting Pacific plate [Cross and Freymueller,
2008; DeGrandpre et al., 2017]. Both plate motions are relative to a stable North American plate. Purple patches are locked zones
identified by GPS, the blue patch is a locked zone that is seismically identified, and the green patches are areas of creep [Cross and
Freymueller, 2008; Li et al., 2016]. The dark blue outlines are rupture zones of major earthquakes [blue dots; Bufe et al., 1994; Frankel
et al., 2000]. And the three volcanoes involved in this dissertation are indicated with yellow stars.
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Fig. 4. Depth ranges of recorded volcanic seismicity beneath Aleutian subduction zone volcanoes plotted in comparison with the average SiO2 content of lavas from each center, after
Buurman et al. (2014). The orange shaded bar graph shows the depth ranges and maximum depths of seismicity recorded beneath each volcano. The colored squares show the
average SiO2 content of the eruption products analyzed from each volcano, according to region in the arc: blue – Cook Inlet; green – Alaska Peninsula; red – eastern Aleutians; orange
– central and western Aleutians. The shaded arrow shows the location of the Becharof discontinuity (Decker et al., 2008; Fig. 3).

Figure 1.3. Along arc plot of Aleutian volcanic centers divided into Western and Central Aleutians
(orange), Eastern Aleutians (red), the Alaska Peninsula (green), and Cook Inlet (blue) groupings.
Bars indicate depth ranges of recorded seismicity [Buurman et al., 2014], while colored squares
Aleutians (Decker et al., 2008; Lallemant and Oldow, 2000; Buurman et
Makushin; Zimmer et al., 2010) do produce olivines with mantle
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average SiO2 content
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ence the compositions of primary magmas before they enter the crust.
Sediment input varies signiﬁcantly along the arc from Cold Bay to the
Western Aleutians (Kelemen et al., 2003; Singer et al., 2007), which
leads to the question of whether sediment ﬂux inﬂuences the compositions of primary magmas through partial melting in the mantle wedge.
Up-dip sediment ﬂux varies from a maximum of N 90 m3/m/yr in the
Seguam to Yunaska region in the central Aleutians to b 50 m3/m/yr to
the west at Little Sitkin, and decreases to b70 m3/m/yr to the east at
Cold Bay (Singer et al., 2007). Coincident with the sediment inﬂux, the
amount of volatile rich ﬂuid entering the subduction zone also varies
and is a maximum near fracture zones, like Amlia, near Seguam. A signiﬁcant variable along strike is the proportion of serpentinized rocks
in the upper few kilometers of the subducted lithosphere that provide
ﬂuids for mantle wedge melting (Singer et al., 2007). These ﬂuids produce differences in the trace element and isotopic compositions of the
ﬂuid mobile elements and ratios like elevated B/La, B/Be, Li/Y, Cs/La observed in Seguam and Yunaska basalts (e.g., Singer et al., 2007). Those
ratios signify increased ﬂuid ﬂux causing melting in the mantle wedge
due to a relatively high proportion of serpentine minerals in the mantle
introduced by the Amlia fracture zone. In this model the sediments dehydrate and partially melt, but the serpentinite provides the elevated
boron. Thus, while sediment melting does not inﬂuence primary basalt
compositions signiﬁcantly, the amount and composition of the ﬂuids released by serpentine dehydration does signiﬁcantly inﬂuence primary
basalt compositions (Singer et al., 2007).
Magmatic differentiation, assimilation, and mixing in the crust alters
the compositions of primary basalts signiﬁcantly. Magmatic differentiation along a liquid line of descent (LLD) depends on water content and
oxidation state at crustal conditions (Irvine and Baragar, 1971; Grove
and Baker, 1984; Sisson and Grove, 1993; Kawamoto, 1996; Martel et
al., 1999; Sisson et al., 2005; Feig et al., 2006; Tatsumi and Suzuki,

3. Aleutian arc magmatism
3.1. Magma production and average composition
The Aleutian volcanic arc is highly productive in terms of magma
generation, and recent estimates range from 67 km3 km− 1 m·y− 1
(Lizarralde et al., 2002) to 182 km3 km−1 m·y−1 (Jicha et al., 2006),
with the higher estimate exceeding the magmatic productivity of the Sierra Nevada Batholith (Jicha et al., 2006). The average magma composition along the entire Aleutian arc is not uniformly andesitic (Fig. 5).
Histograms of published volcanic rock compositions from a number of
volcanic centers across each region of the arc (Cameron et al., 2014;
https://www.avo.alaska.edu/geochem/index.php) reveal that Cook
Inlet and Alaska Peninsula magmas from the continental portion of
the arc are predominantly andesitic (Figs. 4 and 5; Buurman et al.,
2014). Eastern Aleutian volcanic centers produce a higher proportion
of basalt to basaltic andesite magmas (Figs. 4 and 5). This trend continues across the central Aleutians, which has average volcanic rock
compositions straddling the line between basalt and basaltic andesite
(Fig. 5). The western Aleutians volcanoes also produce a relatively
high proportion of basalt and basaltic andesite, but the amount of andesite produced increases again relative to the eastern and central
Aleutians (Figs. 4 and 5; Buurman et al., 2014).
It is rare in the Aleutian subduction zone for primitive or even primary magmas to be observed in volcanic eruption products (e.g., Nye and
Reid, 1986). Most eruptive products, including basalts and basaltic andesites, produced in the Aleutian volcanic arc are evolved. However,
ﬂank cones around a couple Aleutian volcanic centers (e.g., Shishaldin,

From east to west, subduction rate and obliquity of the convergence angle along the

Aleutian trench increase. The sediment wedge in the trench also thins to the west, as eroded
continental material coming off of North America is thickest in the east. The age of the Pacific
plate that is being subducted is also younger in the east, where the Aleutian subduction zone was
initiated and the oldest known (Eocene) extruded arc rocks can be found [Scholl et al., 1986]. This
observation is supported by the age of volcanoes along the arc as the older, more evolved volcanoes
are found in the west, with younger volcanoes in the east [Coats, 1959; Janiszewski et al., 2013;
McGimsey et al., 1996; Ryan and Scholl, 1989; Scholl et al., 1986]. A few additional along arc
correlations have been noted geochemically relating gas and magma composition to subduction
7

and tectonic parameters. A general relationship between magma type and local tectonic stress
regimes in the Aleutians suggests the tectonic environment has an influence on the storage history
of magmas in the crust [Kay et al., 1982; Miller et al., 1992]. Regions of local extension, often
found to correspond with fracture zones in the down-going plate, are shown to coincide with
tholeiitic volcanism while volcanoes where the main tectonic stress is compression exhibit more
calc-alkaline products [Fig. 1.3]. Measured differences in volatile compositions have also led to
generalizations that relate sediment flux in the subduction trench with melt origin and composition
along the Aleutian arc [Lopez et al., 2016]. Using d13C, CO2, and He concentrations Lopez et al.
[2016] were able to define the volatile source for Eastern, Central, and Western Aleutians as
slab/crust, slab/sediment, and mantle, respectively [Fig. 1.4]. Our observables are subduction
characteristics and eruption behaviors. We can observe correlations between these but that's not
causation. The system that links these observables together is the storage/plumbing system in each
volcano. If we want to test causality, we need models of that system for each volcano.
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Figure 1.4. Analysis of along arc trends from 101 individual gas/fluid samples spanning 19792015 allowed for the characterization of subducted sediments for the Aleutian Arc. Volcanoes
were divided in Eastern, Central, and Western groups. The Eastern volcanoes are described as
being mostly sourced from limestone (L = 57%) with equal amounts of Organic Sediment (S =
22%) and MRB (M = 21%). The Central volcanoes have a lower percentage of limestone (L =
45%) with slightly higher organic sediment composition (S = 32%) and similar MORB influence
(M = 22%). Finally, the Western volcanics are characterized by the lowest limestone signature (L
= 24%), the highest influence from MORBs (M = 42%), and lowest influence from organic
sediments (S = 30%). Modified from Lopez et al. [2016].
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1.2 Motivation
The Aleutian arc contains nearly 8% of the world’s active volcanoes and more than 85%
of historically active volcanoes in our nation [Ewert, 2007]. There has been an average of 3-4
explosive eruption events per year from the Aleutian arc [Lu and Dzurisin, 2014]. Monitoring
these remote volcanoes is important as explosive eruptions produce ash clouds that pose serious
hazards to aircrafts over the Aleutian arc, where ~10,000 passengers and millions of dollars in
cargo fly across daily [Begét et al., 2005]. The application of geophysical models to remote
locations like the Aleutian arc is essential for volcanic monitoring efforts and the mitigation of
socioeconomic loss during eruption events.
Due to the remote and uninhabited nature of the majority of the Aleutian arc, geologic
sampling of Aleutian volcanoes is minimal in comparison to other volcanic arcs and geophysical
instrumentation is temporally and spatially sparse. In order to best allocate resources and ensure
that measurements record volcanic activity, volcanoes that have recently erupted are prioritized.
This creates a sampling and data bias that is skewed towards eruption centers, but many volcanoes
exhibit ongoing activities such as surface deformation, fumarolic degassing, and/or thermal
anomalies that are not associated with eruptive activity. Many active, data limited Aleutian
volcanoes still have not been geologically or geophysicaly studied. In these cases, a simple,
preliminary, geophysical model remains a valuable first order assessment of the volcanic plumbing
system, but to completely define and eventually forecast eruption dynamics, mechanics of the
inter-eruptive period preceding eruptive events needs to be better understood.
When data restrictions are not a limiting factor, deformation, seismic, and geochemical
models have been constructed for volcanoes in the Aleutian arc, but often as individual, isolated
studies [Buurman et al., 2013; Coombs et al., 2018; DeShon et al., 2007; Johnson et al., 2010;
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Larsen et al., 2013; Lee et al., 2006, 2013; Lu and Dzurisin 2010, 2014; Lu et al., 2002, 2003,
2005, 2007; Masterlark et al., 2012; Murphy et al., 2014; Ohlendorf et al., 2014; Pesicek et al.,
2008; Ruppert et al, 2011; Syracuse et al., 2011, 2015]. However, for the purpose of forecasting
eruptions, the coupled and complicated nature of magmatic and crustal evolution requires the
integration of these various datasets and models into a physics-based, multidisciplinary analysis.
Simply identifying deformation or seismic activity is no longer a sufficient practice and recent
advances in computational technology have facilitated the construction of finite element,
numerical models using interdisciplinary datasets.
This work investigates the dynamics of three Aleutian volcanoes using various
combinations of GPS, InSAR, seismic, and petrologic data in analytical and numerical models
with forward and inverse methods to define the location, geometry, volume, and evolution of
magma storage as it relates to the confining pressure of the surrounding crust. Akutan and
Semisopochnoi Volcanoes were selected for this study in order to provide preliminary geophysical
models of previously unidentified, non-eruptive, inflation events and to investigate the noise, error,
and bias introduced when processing and modeling geophysical datasets. Okmok Volcano was
chosen as the final subject to develop and test a novel technique for integrating interdisciplinary
datasets into a 3D numerical model of a discrete eruptive event using the finite element method
(FEM). This is possible at Okmok because it is the most instrumented Aleutian volcano and
therefore one of the better studied locations, so data limitations would not restrict model
development and the results can be compared with previously published models. Improvements to
our understanding of these magma source processes will, in turn, provide preliminary models for
previously unmonitored activity, improve local hazard mitigation and response plans, and establish
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new techniques for data-defined model construction that will advance the ultimate scientific goal
of developing precise eruption forecasting models for active volcanoes.
1.3 Chapter summaries
Chapters 2, 3, 4, 5, and 6 are peer reviewed publications that have been reprinted here with
changes in formatting and the numbering of figures, tables, and equations in accordance with
Southern Methodist University dissertation formatting requirements. When there are references to
any chapters, appendices, or supporting information within these chapters they indicate such
documents that are related to the original manuscripts.
Each publication involves multiple authors and the author of this dissertation is the primary
researcher and author for the publications presented in Chapters 1, 2, 3, 5, 7, 8, and 9 with
significant scientific and written contribution to publications included as Chapters 4 and 6.
Summaries of the content and primary topics of investigation for each chapter are as follows:
Chapter 1: A basic introduction to the complicated history and dynamics of tectonic and
volcanic environments along the Aleutian arc is presented in this chapter, but further elaboration
on specifics related to individual volcanoes within this study and the particular data processing
and modeling techniques applied within can be found in the ensuing chapters. Motivation for this
work and brief chapter summaries are also included here.
Chapter 2: Spaceborne data are essential for geophysical studies of volcanic events and
dynamics due to the hazardous and often remote nature of these environments. In this chapter
multi-disciplinary satellite datasets are discussed as their strengths and limitations relate to
volcanic models of such dynamics as surface deformation, eruption plumes, lava flows, thermal
events, and aerosol emissions. This work is a chapter within the textbook Remote sensing

12

applications to characterization of geohazards and natural resources and has been accepted for
publication [DeGrandpre and Lu, accepted]. The intended reader is an introductory remote sensing
or geophysics student or a scientist outside of the discipline performing complementary studies or
working on related scientific challenges. A general summary of geodetic (GPS and InSAR), optical
and thermal imagery, and gas and aerosol emission data are summarized as they relate to volcanic
studies with a plethora of references intended to give the reader a basic foundation for further
investigation. Noise, errors, and bias that are inherent in established, commonly applied
processing and modeling techniques for remotely sensed volcanic datasets are often understated
in journal articles but are briefly described and discussed here with the intention of bringing
attention to their existence as well as inspiring future studies to develop more robust methods that
minimize or resolve their associated effects.
Chapter 3: Akutan Volcano is one of the most active volcanoes in the Aleutian island arc
and studies involving seismic, GPS, and InSAR data have observed activity and deformation on
the island since 1996. This work has been published in the Journal of Volcanology and Geothermal
Research [DeGrandpre et al., 2017]. Topics that are investigated within this chapter include:
•

Methods for estimating and removing tectonic signals from GPS data in order to
isolate volcanic deformation.

•

The identification of two episodes of inflation at Akutan Volcano from 12
continuous GPS stations on the island.

•

Analytic, deformation source models constrained using inversion methods with
GPS surface displacement data.
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•

Statistical analysis of three analytic deformation source model geometries
commonly used in published literature.

•

Comparison of geodetically defined models of magma storage and dynamics with
previously published interpretations of seismic tomography models.

I utilize three components of motion from 12 continuous GPS sites on the island to constrain
deformation source parameters using Mogi point source, Okada dislocation, and Yang spheroid
and ellipsoid analytical models through inversion techniques. After removing the tectonic velocity
signal from GPS data in order to isolate the volcanic signal I then split the GPS data into five
consecutive time periods, and one period that incorporated all available data. These time periods
were designed around two inflation events that are identified in 2008 and 2014, when a sudden
and significant increase in vertical velocity was observed. Inversion of these time periods
independently allowed for the creation of a magma injection volume time series interpreted to
represent the physical migration of magma defined by the estimated source parameters.
Chapter 4: After analyzing and modeling the GPS data and comparing it with tomographic
estimates for magma storage at Akutan Volcano, I then worked with Dr. Teng Wang to model
InSAR data during the same time period. Due to decorrelation and the sparse temporal sampling
of SAR data it was hard to determine the detailed displacement time series and spatial extent of
the deformation. Atmospheric delay anomalies over Akutan volcano are also strong, bringing
additional technical challenges. This chapter presents the following data, methods, and models in
the peer reviewed journal International Journal of Applied Earth Observation and Geoinformation
[Wang et al., 2018]:
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•

Permanent Scatterer (PS) sampling methods applied to data from three different
satellites.

•

Comparison of GPS and InSAR time series encompassing episodic signals of
volcanic inflation.

•

Development of an atmospheric phase screen for high latitude, volcanic islands.

•

Analytic deformation source models defined by PS InSAR data for three commonly
applied geometries and a comparison of model results with parameter values
estimated using GPS measurements.

Chapter 5: The magmatic plumbing system at Semisopochnoi Volcano in the Western
Aleutian Arc was investigated using high-resolution InSAR data in conjunction with seismic
waveforms during two non-eruptive microseismic swarms that were recorded in 2014 and 2015.
This work was the first comprehensive, geophysical study at Semisopochnoi Volcano and was
published in the Journal Geochemistry, Geophysics, Geosystems [DeGrandpre et al., 2019] to
provide:
•

Generation of 134 TerraSAR-X interferograms from 2011-2015.

•

Identification of two large magnitude, rapid inflation events in both 2014 and 2015.

•

A comparison of analytic deformation source geometries constrained by the surface
deformation.

•

Analysis of InSAR processing and modeling techniques at remote deforming
volcanic islands that include: quadtree, semivariograms, and time series analysis.
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•

Synthetic construction of a velocity model from the best fit geodetically defined
deformation source model.

•

Relocation and tomographic mapping at Semisopochnoi volcano from differential
travel times of volcanic seismic swarm events.

•

Comparison of magma intrusion rates and discussion on the need for better
quantification of such a parameter in geodetic literature.

This study also revealed the complicated but underreported issue regarding the relative
nature of InSAR measurements. In each interferogram a reference pixel is chosen and the rest of
the pixels express deformation relative to the motion of the reference pixel. In most interferograms
there is a non-deforming region considered to be stable, from which this reference pixel can be
selected so that the measured displacement represents the total displacement. However, at
Semisopochnoi, there is island-wide deformation occurring so there was no “stable” reference
pixel available and instead displacement measurements are simply a minimum displacement that
should be added to the absolute displacement occurring at the reference pixel. This would not be
an issue had there been a co-located GPS site, but one of the benefits of InSAR data is that remote,
expensive, hazardous locations such as Semisopochnoi can be remotely investigated without
needing to install any instrumentation.
Chapter 6: No eruptions were associated with the deformation events in 2014 and 2015 at
Semisopochnoi Volcano and deformation of any kind, uplift or subsidence had concluded by the
summer of 2015. In September of 2018 elevated seismic activity was again recorded and satellite
optical images revealed fresh ash deposits on the western flank of Mount Cerberus, just outside of
the main caldera rim. This chapter describes the ensuing eruptive activity during the fall of 2018
16

as observed from InSAR, seismic, optical imagery, and infrasound measurements. A report has
been submitted for peer review as the Semisopochnoi chapter in the annual Alaskan volcanic
activity report for 2018 through the USGS Alaska Volcano Observatory (AVO) [Dietterich et al.,
submitted]. This report includes the following topics:
•

Summary of the timing and characteristics of eruptive events from SeptemberDecember 2018.

•

Time series of seismic events as they relate to the complementary geophysical
datasets and eruptions.

•

Description of the AVO aviation color codes for Semisopochnoi Volcano during
the fall of 2018.

•

Interpretation of spaceborne optical imagery and infrasound data.

•

Analysis of deformation observed in more than 300 interferograms generated from
Sentinel-1 data spanning 2016-2019.

Chapter 7: Okmok Volcano is one of the better studied volcanoes in the Aleutian arc, and
the 2008 phreatomagmatic eruption was observed through various geologic and geophysical
techniques. Many models describing the magma storage related to this eruption already exist, but
they are defined from only one type of data (i.e. petrologic) and often contradict models from other
disciplines (i.e. seismic or geodetic). This work has been unpublished, but presented in a few
conference settings. This chapter presents preliminary results relating to the following topics:
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•

Presentation of a novel method to combine campaign and continuous GPS data with
varying temporal resolution to calculate co-eruptive offset for the 2008
phreatomagmatic eruption at Okmok Volcano.

•

Investigation into the debate as to whether Okmok Volcano has one or two
deformation sources.

•

Definition of differential tectonic motion on Umnak Island.

•

Emphasis on the need to include crustal processes and stress dynamics when
modeling volcanic environments, especially when involving time series analysis of
geodetic data.

Chapter 8: Multiphysical models that integrate multiple datasets are becoming
popularized, but they often focus on pre- or inter-eruption inflation and deflation cycles. Including
time dependence with multidisciplinary data can produce complicated signals or be a
misappropriation of the data as measurements get applied to time scales they do not represent.
I constructed this data defined, 3D, finite element, numerical simulation using the program
COMSOL Multiphysics®. A 1 arc second DEM was used to provide accurate topography on a
crustal block that is 30 km thick with a fixed lower boundary and infinite roller boundaries to the
north, south, east, and west. I used previously published seismic velocities that resulted from
waveform inversions with empirically derived equations to define the elastic parameters of this
crust. The seismic velocities were also used to define the location, geometry, and storage volume
of the magma chamber by selecting an isosurface defined as P-wave velocities ≤ 4.7 km/s. Unlike
analytical models that define the deformation source as a cavity, I filled this chamber with a fluid
and used melt inclusion composition and temperature from previous studies in equations for
18

dynamic viscosity to define the physical properties of the magma. The erupted volume had been
previously calculated, so simulating the eruption simply required applying this volume change to
my model. The initial results produced co-eruptive deformation of the same magnitude as
geodetically measured surface displacement, with a similar spatial pattern, but offset from the
caldera. This is a factor of the chamber size and location and because when the volume is removed,
it is taken from the entire chamber, and not restricted to the region below the eruptive center.
Considering the flow of fluid in a poroelastic medium would help shift the deformation to be colocated with geodetic signals, but I created a second model with a smaller magma chamber that
was horizontally limited to the caldera bounds. This model is able to recreate surficial observations
of eruption processes observed from petrologic deposits and geodetic displacement maps without
violating any of the characteristics and parameters observed geologically or seismically at Okmok
Volcano. These results indicate that numerical, finite element, multiphysical models are essential
for properly defining volcanic plumbing systems and simple, analytical solutions applied to data
from a single discipline are no longer a sufficient tool for characterizing complicated volcanic
eruptions.
Chapter 9: This chapter provides the conclusion to this dissertation work by summarizing
the highlights presented herein for each volcano. Specific contributions that include data, methods,
and models are also listed with a final mention of topics for future study that would provide
valuable insight into the mechanisms of volcanic plumbing systems that influence eruption
parameters, both in general and at Akutan, Semisopochnoi, and Okmok Volcanoes.
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CHAPTER 2
MODELING OF REMOTE SENSING DATA: COMMON PRACTICES, STATE OF THE
ART, AND LIMITATIONS

Published as: DeGrandpre, K. G. and Lu, Z., accepted. Remote sensing applications to
characterization of geohazards and natural resources. Chapter 3.1.3 Geohazards: Volcanic
Hazards - Modeling of remote sensing data: common practices, state of the art, and limits.
Springer. Estelle Chaussard ed.

Remote sensing techniques applied to volcanic environments contribute valuable
measurements of geologic and geophysical features that can be used to describe subaerial and
subsurface dynamics of the volcanic system [e.g., Dzurisin, 2003, 2006; Flower and Carn 2015;
Flower and Khan 2018; Hill, 2017; Pinel et al., 2014; Poland et al., 2006; Reath et al., 2016,
2019b]. Analytic and numerical models are created to investigate the magmatic regime that
reproduces these surface observations [Cannata et al., 2018; Dzurisin et al., 2019; Ebmeier et al.,
2018; Tibaldi, 2016]. General similarities in volcanic characteristics and functions can be noted at
all volcanoes, however, research continues to reveal that the evolution of a specific magma
chamber as it relates to the surrounding crust [Fig. 2.1] and then produces an eruption is unique in
each case [Fig. 2.2] [Brothelande et al., 2018; Dzurisin et al., 2019; Lu et al., 2007; Lu and
Dzurisin, 2014; Tibaldi, 2016]. Constructing an accurate model for a particular system continues
to be a challenging problem [Fig. 2.3], but the application of remotely sensed data is vital for
constraining model parameters to realistic values. The ultimate motivation for modeling kinetic
and physical properties beneath volcanoes is to understand their magma plumbing systems as this
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is fundamental in providing timely predictions of volcanic hazards that mitigate the loss of life and
property [Lisowski, 2007, Tibaldi, 2016]. While this goal has yet to be realized, recent advances
in model complexity and computational power have facilitated the development of models that are
more representative of the natural environment [Fig. 2.3] [e.g., Anderson and Segall, 2011, 2013;
Segall, 2013; Pinel et al., 2014]. Availability, resolution, and precision in both time and space
establishes remotely sensed datum as a powerful tool when designing and evaluating volcanic
models.
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Fig. 1. Summary of possible crustal magma plumbing systems as inferred through studies in this volume. Magmas
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Michaut & Jaupart 2006) large-scale crustal melting when enough thermal energy has accumulated (cf. Leeman et al.).
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Figure 2.2. Conceptual sketches of possible components that comprise volcanic plumbing systems.
Volcanoes can consist of one or more of the magma storage and transport features illustrated here.
Modified from Burchardt and Galland [2016].

emplacement in the crust. Burchardt (2009).
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Figure 2.3. Schematic (top) of geophysical processes and their feedbacks for the growth of large
silicic chambers as an example of the complicated role the surrounding crust plays in volcanic
systems. Feedback loop 1 results in magma reservoir growth as hot magma flux from depth
increases the chamber volume and temperature. This in turn increases the crustal temperature in
Feedback loop 2 so that elastic brittle failure is not possible and viscoelastic responses
accommodate the pressure change associated with the volume change flux from Feedback loop 1.
Feedback loop 3 expresses the increase in reservoir volume that increases the overpressure of the
system. If this overpressure is not enough to cause an eruption, then this increased overpressure
will eventually result in a decrease in volume as the magma cools at depth. Conceptual model of
the magma chamber (a) and conduit (b) at Mount St. Helens during the 2004-2008 eruption.
Geophysical and geochemical processes that effect the evolution of the magma at depth, surface
displacement, and eruption are included, exhibiting the complicated nature of magma reservoirs.
Modified from de Silva and Gregg [2014] (top) and Wong et al. [2017].
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2.1 Volcanic modeling
Creation of a volcanic model can initiate from either data acquisition or construction of the
model environment [Fig. 2.4]. Often a particular volcano or region is of interest and the first step
is data acquisition, but when investigating a specific process (e.g., magma buoyancy in the crust),
a general model is initially created [Tibaldi, 2016]. Various types of remotely sensed data are
suitable for modeling volcanic environments [Dzurisin et al., 2009; Francis and Rothery, 2000].
Geodetic data that measure ground surface displacement (e.g., GPS and InSAR) are primarily used
to create modeled estimates of the location, geometry, and pressure change that define the
deformation source responsible for the changes measured at the surface [Fig. 2.5]. Surface
displacement can occur during inter-eruptive periods with potential combinations of long and short
wavelength signals that extend from days to centuries. The largest displacement rates, however,
are associated with eruption events, when rapid inflation and deflation can occur over on the scale
of minutes to days [Figs. 2.1, 2.2, and 2.5] [Dzurisin et al., 2019]. During quiescent periods
episodic inflation and deflation cycles indicate the evolution of the stress regime in the surrounding
crust and accumulated stored magma, while eruptive deformation correlates to the crustal response
of gas and material extrusion [Fig. 2.5] [Dzurisin et al., 2019]. Auxiliary uses of geodetic datasets
at volcanoes can involve models that investigate cooling/contraction of erupted products,
atmospheric mapping, DEM generation, or defining changes in dielectric properties [Francis and
Rothery, 2000].
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Figure 2.4. Workflow map of volcanic data inversion modeling. This workflow applies for geologic and geophysical data sets.
Some of the major aspects, parameters, and considerations for each step are included. The workflow can either start with Model
Construction or Data Acquisition because a model can either be constructed and then data found to constrain its parameters or
data can be acquired and then a model constructed using the information the data provides. Multiple data sets can be used to both
construct and/or optimize the model as well.

Figure 2.5. Conceptual, simplified model of the complicated dynamics associated with volcanic
plumbing systems. A magmatic storage region experiencing crystallization (grey), heat and
volume flux of magma recharge (red), and gas dissolution (orange) can produce many different
signals at the surface. Deformation and erupted products that result from these processes are
commonly measured using remote sensing techniques. Modified from Kilbride et al. [2016].

Remotely sensed measurements of thermal and aerosol emissions can provide information
used to model both subsurface and subaerial volcanic features [Harris, 2013]. During inter-eruptive
periods, models that estimate thermal and gas flux at the volcanic edifice are used to predict
information about the depth, location, and composition of magma sources [Fig. 2.5]. These models
are essential tools for eruption forecasting, as timeseries analysis can indicate when the magma is
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moving towards the surface and an eruption is imminent [e.g., Flower and Carn 2015; Reath et al.,
2016, 2019b]. Co-eruptive observations of aerosol and thermal emissions are used to better
understand the complicated dynamics of pyroclastic density currents (PDCs) and eruption plumes
[Corradini et al., 2016; Dufek and Bergantz, 2007; Grainger et al., 2013; van Manen et al., 2013].
These volcanic hazards pose the most significant threat to human lives and economies, hence
model predictions of discharge rate, volume, particle size, and temperature are invaluable when
mitigating these risks. Thermal modeling of remotely observed erupted products is also useful for
defining physical and rheologic properties of volcanic extrusions, be it in the form of domes, lava
flows, or ash. These can then be used to predict hazardous dynamics such as dome collapse, flow
maps, or ash dispersion [Carey and Bursik, 2015; Dufek et al., 2015; Francis and Rothery, 2000].
The primary focus of this chapter will be data processing and model construction for
analytic and numerical models of volcanic deformation that utilize GPS and InSAR measurements
of surface displacement. This is followed by a brief and general synopsis of thermal and aerosol
modeling at volcanoes. Methods of acquiring GPS and InSAR datasets are described in Chapters
2.1 and 2.2 and geodetic measurements as applied to volcanic hazards are further elaborated upon
in Chapter 3.1.1. Information regarding the collection and volcanic application of aerosol and
thermal data can be found in Chapters 2.5, 2.7, 2.8, and 3.1.2.
2.2 Preparing geodetic data for volcanic deformation modeling
Processing geodetic data for use in volcanic deformation source models should be
performed with consideration for the availability and resolution of the data as well as the feature
or process being investigated. The spatial and temporal resolution of the model is dependent on
the ability of the data to constrain the relevant parameters [e.g., Biggs et al., 2014].

34

2.2.1 Processing GPS data for use in volcanic models
In volcanic systems, GPS data are useful for detecting and analyzing inflation and deflation
cycles due to a high temporal sampling interval (on the order of seconds) [Muller et al., 2018].
When processing these datasets for volcanic purposes, the temporal resolution is most commonly
reduced to daily observations [Fig. 2.6]. Public GPS data depositories often provide velocity
estimates calculated from a simple linear regression of the available daily position data (e.g.,
UNAVCO and Nevada Geodetic Laboratory). These velocity values are typically for the entire
timeseries available at a GPS station, and are usually inappropriate for unaltered use in volcanic
models. The main reasons being that cumulative GPS displacement is rarely the result of volcanic
forces alone and volcanoes often exhibit variable rates of deformation [Dzurisin et al., 2019;
Montgomery-Brown et al., 2010]. Multiple processing methods have been established to isolate
volcanic deformation and identify velocity changes.
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Figure 2.6. Example of GPS timeseries and displacement maps used to optimize volcanic
deformation source models at Akutan Volcano in the Aleutian arc. Top panels show vertical
(green) and horizontal (blue) deformation at 12 GPS sites labeled with their site ID (note the
change in scale, bottom right of each panel). These panels represent deformation isolated from the
2008 inflation episode (left), 2009-2013 long term background inflation (middle), and deformation
isolated from the 2014 inflation episode (right) (groups 2, 3, and 4 in bottom timeseries,
respectively). The timeseries on the bottom shows daily vertical positions (black stars) of station
AKLV that has been separated into five temporal periods (red lines and numbers) of displacement
for modeling purposes. The velocity modeled for each of these time periods are also indicated.
Modified from DeGrandpre et al. [2017].

Isolating the displacement due to volcanic deformation from GPS data requires
quantification of the additional forces acting on the measurement location. Plate motion relative
to the geocenter, glacial isostatic adjustment, oceanic tidal load, deltaic sediment loading, seasonal
hydrologic changes, earthquake rupture, and even anthropogenic effects can all contribute to GPS
observations. It is necessary to first identify the relevant processes and then estimates of their
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displacement can be obtained from published observations, models, or relative calculations [Fig.
2.6] [DeGrandpre et al., 2017; Freymueller and Kaufman, 2010; Fournier et al., 2009; Mann and
Freymueller, 2003].
Volcanic deformation timeseries estimated from GPS measurements often exhibit variable,
non-linear, episodic events of inflation and deflation occasionally including a longer wavelength
background trend [Fig. 2.6]. It is a common practice to divide a displacement timeseries into
distinct periods of deformation characterized by a single, linear velocity. When a change in
velocity is significant enough to be visually recognized the dates of deformation events can be
handpicked [Fig. 2.6]. More precise, mathematical methods have been developed so that changes
in velocity can be automatically detected [Larson et al., 2001, 2010; Walwer et al., 2016]. These
algorithms include techniques such as principal component analysis [Ji and Herring, 2011;
Kositsky and Avouac, 2010; Lin et al., 2010], target projection operator [Ji et al., 2017],
independent component analysis [Hyvärinen and Oja, 2000], various Kalman filtering methods
[Fournier et al., 2009; Larson et al., 2001; Mattia et al., 2008; Shirzaei et al., 2010], and computer
aided detection techniques that first analyze the data so the most appropriate mathematical
approach is utilized [Li et al., 2016].
GPS provides high temporal resolution, three-component (east, north, and vertical)
location measurements that are accurate to magnitudes on the order of one centimeter (vertical) to
sub-centimeter (horizontal), but there are significant spatial limitations. Most notably, is the
dependence on the installation and maintenance of ground-based stations at each measurement
location [Fig. 2.6]. To fully characterize the deformation pattern, it is necessary to install a dense
network around the circumference of the volcano [DeGrandpre et al., 2017; Montgomery-Brown
et al., 2010]. This can be a costly, hazardous, and time-consuming endeavor. Measuring the extent
37

and maximum magnitude of deformation is unlikely, and often during volcanic eruptions the
ground-based station cannot collect data because it is destroyed, damaged, or due to adverse
weather conditions (i.e. eruption plumes) that reduce the availability of co-eruptive data.
Nonetheless, the three-component timeseries generated by GPS networks installed surrounding a
volcano are particularly advantageous for estimating the depth and geometric parameters from
models that define a volcanic deformation sources [Fig. 2.7] [Biggs et al., 2010].
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Figure 2.7. Conceptual models of volcanic plumbing systems defined from geodetic data
integrated with additional geophysical datasets. An interpretation of the dynamics of the
deformation source and seismic events at Taal Volcano from November 18 to the end of March
2011 (a). Schematic of the magmatic plumbing system at Stromboli Volcano composed from
multiple geophysical studies that modeled eruptions in 1985-2000, 1997, 2002-2002, and 2007
(b). Deformation source models and crustal structure associated with the 2008 Mt. Etna eruption
(c). Illustrated are a high-velocity body (HVB), shallow dyke (F), and main deformation source
for inflation preceding the eruption. Modified from Zlotnicki et al. [2018] (a), Bonaccorso et al.
[2009] (b), and Cannavò et al. [2015] (c).
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2.2.2 Processing InSAR data for use in volcanic models
Interferograms generated using InSAR techniques map measurements of relative net
displacement in the satellite line of sight (LOS) direction that occurred between the two SAR
image acquisition dates [Fig. 2.8] (see Chapters 2.2 and 3.1.1 from the textbook containing this
publication: DeGrandpre and Lu [accepted]). One interferogram can provide millions of
measurement points (pixels) at a spatial resolution of tens of meters and an estimated precision of
millimeters to centimeters. InSAR data can be a powerful tool for observing volcanic systems, but
there are many limitations to their application. The fundamental equation for generating an
interferogram proves quantifying noise to be impossible [Woodhouse, 2006; Lu and Dzurisin,
2014]. InSAR datasets are a relatively new geophysical tool, therefore robust, standardized
processing methods like those applied to GPS data, have yet to be established. Instead, many
individual approaches have been developed and processing InSAR data is a subjective exercise,
the parameters of which are rarely reported in the literature. The most significant limitations when
constraining volcanic deformation source models using InSAR data are due to the atmospheric
noise, temporal resolution, the relative nature of measured displacements, and the effects of a
single component LOS measurement [e.g., Pinel et al., 2011, 2014; DeGrandpre et al., 2019].
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Figure 2.8. InSAR interferograms from TerraSAR-X satellite data acquired from 2011 to 2015
over Semisopochnoi Island in the far western Aleutian arc. The primary and secondary image dates
are indicated at the bottom. These interferograms exhibit multiple aspects of interferogram
processing issues. Variable, turbulent atmosphere contributes noise in all four interferograms, and
the random nature of this noise is observed in panels a and d. This indicates that atmospheric
models are necessary for each interferogram as this noise is not constant in time and space. When
there is deformation at Semisopochnoi volcano it is island wide (b and a). This means that
techniques to estimate the uncertainty in an interferogram using covariance or semivariograms are
not applicable. This island is covered in snow during for 8-9 months a year and the exact timing
of deformation that occurs during that period is unknown. As an example, the 1-year interferogram
(b) shows much more deformation that the interferogram from the summer of 2014 (c), but they
are both constructed from the same secondary image. This indicates that much of the deformation
occurred between 11 August 2013 and 15 June 2014, but due to snow cover the exact timing is
unknown. Image b also shows coherence loss in the center and along the edges of the island. If
these images were used to for a deformation timeseries inversion, the pixels from the images that
have higher coherence (a, c, and d) would not be used and key information about the extent,
magnitude, and shape of deformation would be discarded from image c. Modified from
DeGrandpre et al. [2019].
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Uncertainties associated with InSAR measurements result from systematic and random
errors inherent in the acquisition and differencing of SAR data. The systematic error includes
atmospheric (both tropospheric and ionospheric) noise that tends to correlate in space but not in
time, orbital error, and DEM-induced noise [e.g., Lu and Dzurisin, 2014]. Random errors come
primarily from decorrelation noise and unfortunately, because the uncertainty in the InSAR
measurements cannot be defined from the derived displacement, models to estimate and remove
noise are necessary [Woodhouse, 2006; Lu and Dzurisin, 2014]. Efforts to quantify the uncertainty
in an interferogram can involve methods such as spatially defined covariance [Fig. 2.9] [Lohman
and Simmons, 2005] or fitting exponential semivariogram functions [Fig. 2.10] [Bagnardi and
Hooper, 2018; Banerjee et al., 2014; Cressie et al., 1980; DeGrandpre et al., 2019; Jian et al.,
1996]. These subjective techniques assume covariance is spatially correlated and require the
presence of non-deforming regions in an interferogram. These assumptions can be invalid at
volcanoes because the unique shape of volcanic topography often introduces turbulent, localized
atmospheric effects [Fig. 2.10] [DeGrandpre et al., 2019]. Many volcanoes are also an island and
if there is extensive displacement there may not be any measurements of non-deforming regions
in the interferogram [Fig. 2.8].
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Figure 2.9. Examples of the effect different subsampling techniques have on deformation maps
using the same input interferogram that spans 13 January 1999 to 20 October 1999 (a).
Deformation is due to the 1999 Hector Mine earthquake in California. The LOS direction is
indicated with a black arrow in a, surface displacement follows the color scale to the right of panels
f and h, and the black line indicates the fault surface trace. Panels b-d show the effect of multiple
iterations (1, 3, and 6, respectively) using the resolution-based subsampling technique. The four
lower panels (e, f, g, and h) show the difference in using different algorithms. Resolution-based
[Lohman and Simons, 2005] (e), bi-linear quadtree [Simons et al., 2002] (f), variance about the
mean quadtree [Jónsson et al., 2002] (g), and uniform subsampling methods all result in different
spatial patterns of surface displacement, distribution of data points, and number of data points
(indicated by np in the bottom left of each panel). Modified from Lohman and Simmons [2005].
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Figure 2.10. Examples of semivariogram analysis used to estimate uncertainty in InSAR
interferograms at Semisopochnoi Volcano. Both interferograms show no volcanic deformation, so
the observed signal is a result of noise, most likely primarily due to localized, turbulent
atmosphere. Clearly this noise is not temporally stable as both interferograms exhibit very different
spatial patterns that are fit by very different semivariogram parameters. Modified from
DeGrandpre et al. [2019].
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Because data uncertainties for an interferogram cannot be calculated, specific sources of
noise must be modeled to estimate errors. Atmospheric noise is generally the largest source of
error and there are multiple methods for estimating and removing these signals from InSAR data
[Parker et al., 2015]. When available, weather models can be used to simulate the atmospheric
conditions during the SAR image acquisition dates which can then be subtracted from the
interferogram measurements [Barnhart and Lohman, 2013; Doin et al., 2009; Foster et al., 2006;
Löfgren et al., 2010; Wadge et al., 2002; Yu et al., 2017, 2018a, 2018b]. Mathematical approaches
to estimate the sum of atmospheric artifacts associated with each interferogram involves methods
such as statistical analysis [Lohman and Simons, 2005; Wright et al., 2003] or atmospheric phase
screen generation [Elliott et al., 2008; Wang et al., 2018; Wicks et al., 2002]. Unfortunately, even
though atmospheric noise is a common and significant source of error, local turbulent features are
still difficult to observe or model. While it is possible to create these atmospheric models, the
additional error and bias from doing so may introduce more noise than the original atmospheric
signal, and it has been shown that estimating atmospheric noise may not provide any benefit for
interferogram analysis [Foster et al., 2013; Kinoshita et al., 2013].
When many high-quality SAR images are obtained, they can be used to generate hundreds
or thousands of interferograms. Attempting to calculate uncertainty or model individual noise
contributions for each interferogram would be a very time intensive procedure. Instead, the
generation of InSAR timeseries, from approaches such as the Small BAseline Subset (SBAS)
[Berardino et al., 2002; Agram et al., 2013], can be used to harnesses the dependent nature of a
collection of interferograms. This inversion technique utilizes all available interferograms and
removes spatially correlated noise while producing a displacement map for each SAR image
acquisition date [e.g., Barnhart and Lohman, 2012; Chaussard et al., 2013; Henderson and
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Pritchard, 2013; Lanari et al., 2004; Finnegan et al., 2008]. This is also a useful tool for reducing
the quantity of data to improve computational efficiency when used to optimize numerical models.
However, the timeseries inversion is only calculated at pixels that are coherent throughout all of
the input interferograms. This reduces the output displacement maps to, at a maximum, the number
of pixels in the least coherent interferogram. Depending on the quality of interferograms, this could
degrade the dataset to the extent that the spatial value of the InSAR data is lost [Fig. 2.8]
[DeGrandpre et al., 2019].
Another commonly applied InSAR timeseries processing technique is to identify only the
persistent scatterers (PS) that remain coherent throughout the acquired images [Ferretti et al., 2001;
Hooper et al., 2004]. These PS pixels can then be used to characterize the spatial and temporal
behaviors of the displacement signal and any associated artifacts through a multi-interferogram
approach. PS InSAR (PSInSAR) is valuable for modeling and removing atmospheric delay
anomalies, orbit errors, and DEM-induced artifacts from individual interferograms to retrieve
time-series deformation measurements at the PSs [Ferretti et al., 2001, Hooper et al., 2004].
There are additional data subsampling techniques that can be applied to individual
interferograms to avoid considerable loss of coherence [Champenois et al., 2014; Hooper et al.,
2004]. Simple algorithms that decimate data on a subjective, uniform scale can be applied
[Pritchard et al., 2002] or more advanced methods that use gradient-based [Jónsson et al., 2002;
Simmons et al., 2002], resolution-based [Lohman and Simmons, 2005; Wang et al., 2012], or
equation-based [Wang et al., 2014] quadtree sampling are available [Fig. 2.9]. Subsampling
algorithms are easy to use, which increases the risk of misuse. Interferograms that have been
excessively subsampled may exclude subtleties in the deformation gradient or pattern [Fig. 2.9].
Depending on which algorithm is applied, the degree of coherence in the interferogram, or the
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magnitude of geologic and atmospheric features included in the data, noisy pixels or boundaries
can be preferentially oversampled. Statistical analysis that rigorously compares the maximum
magnitude of displacement in an image before and after subsampling is also lacking in the
literature, but significant differences have been observed [DeGrandpre et al., 2019].
Of particular importance in volcanic environments is the temporal limitations of InSAR
data. SAR image acquisitions are restricted to a temporal resolution of the revisit period of the
satellite (see Chapters 2.2 and 3.1.1 from the textbook containing this publication: DeGrandpre
and Lu [accepted]). This revisit period may not be optimal for defining episodic deformation. For
example, volcanoes in the Aleutian Island Arc of Alaska are snow covered during most of the year
(up to 9 months) [Fig. 2.8]. The snow cover reduces coherence so that interferograms created from
short wavelength radar data (X-band and C-band) can only be generated from SAR images
collected during the snow free summer months. The outcome of temporal constraints, such as
dependence on seasonal coherence, is that the initial and final dates of an episode of deformation
that occurs during the months when there is snow cover, cannot be resolved [Fig. 2.8].
Additionally, InSAR measurements only record the net displacement between the primary and
secondary SAR images, so if there is poor temporal resolution, there may be multiple periods of
inflation and deflation that are not observed by InSAR data [Fig. 2.8] [DeGrandpre et al., 2019].
This limitation can be addressed by using SAR images obtained from satellites with a shorter
revisit period or longer (L-band) wavelength (e.g., ALOS-2 PALSAR-2, and the future NISAR),
improving coherence during snow covered months [Molan et al., 2018].
The final significant limitation associated with InSAR data, especially for volcanic
environments, is that all measurements of displacement are along the LOS vector. The geometry
defining SAR image acquisition prevents this LOS displacement from being deconstructed into
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horizontal and vertical components of motion unless interferograms from three or more
independent geometries are available [Wright et al., 2004]. Volcanic deformation source models
produce predictions for surface displacement as three orthogonal vectors (east, north, and vertical).
To compare these model predictions to InSAR measurements the three-components must be
converted into displacement along the LOS vector. This is easily calculated using the look and
azimuth angles of the satellite (see Chapters 2.2 and 3.1.1 from the textbook containing this
publication: DeGrandpre and Lu [accepted]). Projection of these directional (positive east, north,
and up) model predictions onto the LOS vector can lead to inaccurately minimized residuals, when
overpredicted values in one direction are actually compensating for by underpredicted values in
the other two directions [Fig. 2.11].

48

Figure 2.11. Examples of model error when fit to InSAR interferogram data resulting from
converting east, north, and vertical model predictions of surface displacement into LOS
displacement. The table provides examples of three models that predict significantly different
displacement in the east, north, and vertical directions. When these displacements are converted
into displacement along the LOS vector, they are all equal. This shows how three different models
can all be fit to the data. A test of 66 interferograms, four of which are displayed in Figure 2.4,
calculates the ratio of vertical to east displacement predicted by the best fit spheroid model [Yang,
1988]. The vertical displacement is approximately 127% more than the estimated east
displacement for 56 (red dots) of the interferograms, or within one standard deviation. For 10 (blue
dots) of the interferograms this is not the case, which indicates that the models that are fit to the
data are doing so by compensating with more or less vertical motion. This analysis requires further
study, but consideration for the model error due to LOS vector conversion has not yet been
published.
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These data processing models are some of the most commonly applied to volcanic InSAR
data, but more exist and are being developed. While various approaches may work for some
interferograms, they do not necessarily work for all, and it is important to consider the assumptions
being made and appropriateness of these models as they apply to a particular dataset. Many of
these techniques seek to quantify the uncertainties in InSAR data, but the error and bias introduced
by performing additional models is not fully understood or quantified. These approaches are not
standardized, and they all require subjective input parameters, which are often not even reported
in the literature. In volcanic environments the combined magnitude of InSAR data errors and noise
is generally orders of magnitude less than the observed volcanic deformation and even though
assigning uncertainties to InSAR data can be useful, it may not be beneficial if doing so introduces
error and bias while distorting the deformation signal [DeGrandpre et al., 2019; Foster et al., 2013;
Kinoshita et al., 2013]. This is an important issue for volcanic modeling purposes as publications
regularly report data uncertainty estimates with confidence, but without mention of the bias, error,
and noise inherent in the data and methods involved which can be misleading. Uncertainty
estimations are often then used to weight InSAR data for deformation source model optimization,
which influences model results and ultimately the final confidence and interpretation of the
deformation source parameters. For these reasons, further analysis and testing of data processing
methods as applied to volcanic environments and their effects on deformation source model
optimization is necessary [DeGrandpre et al., 2019]. InSAR data provide an invaluable tool for
observing and estimating volcanic surface displacement due to the large signal to noise ratios of
high spatial resolution measurements, but the appropriate application of processing techniques
must be evaluated for each individual dataset. Until standardized, robust processing methods are
fully defined or statistical analysis comparing the effects of these techniques on model
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optimization has been further quantified, it is possible that on occasion, using data without
producing models that quantify the uncertainty or remove noise estimates may be the best approach
to preserve the integrity of InSAR data [DeGrandpre et al., 2019; Foster et al., 2013; Kinoshita et
al., 2013].
2.3 Construction of the volcanic deformation model
In the simplest form, a volcano is composed of a magma chamber situated within the crust
[Fig. 2.12]. Eruptions occur when pressures in the magma chamber exceed the strength, or
overpressure, of the surrounding crust [Lisowski, 2007; Segall, 2010, 2013]. Rudimentary models
of this oversimplified volcanic deformation source have been used extensively for over half a
century. The most common and widely used models are analytic representations of various basic
geometries embedded in an elastic, homogenous, isotropic half-space [Fig. 2.12]. These models
are for a system that is subjected to instantaneous changes in the pressure of a point source, cavity,
or dislocation plane at depth. Estimations for the immediate deformation response of the overriding
elastic crust, can be directly compared to measured surface displacements [Dieterich and Decker,
1975; Fialko, 2001; McTigue, 1987; Mogi, 1958; Okada, 1985; Yang, 1988].
These analytic models are based on many unrealistic assumptions that have a significant
effect on the model results, and therefore interpretations of volcanic processes, but they are often
violated or ignored. Numerical models have recently been developed to address these assumptions,
incorporating state equations or additional datasets to constrain the model environment and better
emulate the natural volcanic system [Fig. 2.13] [Anderson and Segall, 2011, 2013; Gregg et al.,
2012, 2013; Hickey et al., 2013, 2015, 2016; Le Mével et al., 2016; Masterlark et al., 2012; Wong
et al., 2017].
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Figure 2.12. Example of point source [Mogi, 1958], spheroid [Yang, 1988], and dislocation plane
[Okada, 1985] analytic models. The top two rows map patterns of surface deformation of vertical
(top) and horizontal (bottom) displacement. The bottom sketches illustrate cross-sections of
surface (top) and subsurface (bottom) displacement. Modified from Sigmundsson et al. [2018].
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the style and magnitude of eruptive activity including dramatic volcano–tectonic phenom‐
ena, such as caldera and sector collapses.

Figure 1. Schematic sketch of different components of volcanic plumbing systems, highlighting the complexity of the

Figure
2.13. Schematic of a volcanic plumbing system. The dynamics and features illustrated here
different types of magma channels and reservoirs. The inset illustrates the processes that may occur within magma
are
much
more realistic than the simplified geometry and assumptions implicit in analytic
bodies.
deformation source models [Fig. 2.12]. Modified from Burchardt and Galland [2016].
Traditionally, however, the study of the plumbing system components, such as dykes, sills,
and larger magma bodies (Figure 1), as well as their dynamics is strongly method-based, for
example, focussing exclusively on the composition of plutonic bodies or the seismicity of
magma ascent. To date, relatively few bridges between the distinct disciplines exist. In this
chapter, we will give a short overview of the historical development of the main concepts on
2.3.1 Defining the magma chamber
volcanic plumbing systems and the diversification of research disciplines that study plumbing
systems.
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of this model is that the depth of the centroid below the ground surface must be more than five
times the radius of the point source (generally assumed to be 1 km) [Lisowski, 2007; Mogi, 1958].
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The radial stress and displacement far from the source can often be well characterized using this
point source model, but stresses at the centroid location are infinite, which makes interpretation of
any inflation process following these bounds unrealistic. The appeal of this simple model is the
computational efficiency, and despite unnatural characteristics, it is still widely used and generally
provides a good approximation of observed volcanic deformation [DeGrandpre et al., 2017; Lu
and Dzurisin, 2010; Lu et al., 2002, 2003a, 2003b; Muller et al., 2018].
The radius of the Mogi model cannot be mathematically separated from the pressure
change and the assumption that stresses at the location of the source are infinite is extremely
unrealistic, so a model that calculated the stress and displacement fields from a pressurized
spherical cavity was created to address these aspects [McTigue, 1987]. Comparisons of this
pressurized spherical cavity with the Mogi [1958] point source, show that the point source often
underestimates the depth of the centroid, because a higher order correction, necessary to account
for a cavity of finite size, results in the rapid decrease of radial surface deformation gradients. The
pressurized spherical cavity developed by McTigue [1987] followed the definitions, assumptions,
and governing equations used by Mogi [1958], but with changes to this leading-order term in the
expression for surface uplift. This resulted in more realistic and variable dimensions of a source
with both local and far field stresses that are finite. In addition to the four parameters that define
the Mogi [1958] point source model, the McTigue [1987] spherical cavity requires that a fifth
parameter, the radius, be estimated. However, when the radius (a) is small relative to the depth (z0)
and their cubed ratio (a/z0)3, is much less than one, then the point source model continues to be a
sufficient approximation [Lisowski, 2007; Segall, 2010].
The approximation of a double-force, center-of-dilatation solution for a dipping prolate
ellipsoid [Yang, 1988] [Fig. 2.12] was published soon after the spherical cavity [McTigue, 1987]
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to represent magma flux in a volcanic conduit. The model complexity for this ellipsoid is increased,
and the location and geometry are defined by eight parameters: centroid location in three
dimensions, length of the major and minor axes, strike and plunge, and pressure change.
Another geometry that is tantamount in volcanic deformation modeling literature is that of
a sill described as a “penny-shaped crack” [Fialko, 2001]. There are only five degrees of freedom:
centroid location in three dimensions, radius of the sill, and pressure change. The advantage of this
model is that there is no depth to radius restrictions as there are in the point source and spherical
cavity models and it has proven accurate for sills with radii that are greater than five times the
centroid depth.
The point source, spherical, ellipsoidal, and “penny-shaped crack” are all geometries
defined as cavities. The alternative geometry presented by Okada [1985] [Fig. 2.12] is that of a
tensile, elastic dislocation. This model was originally developed to characterize fault offset by
three-dimensional movement of this rectangular plane. For the case of volcanic deformation this
has been adapted to approximate displacement resulting from either a dike or sill by limiting the
planar motion to only one direction, opening. When this restriction is imposed, the dislocation
plane is defined by eight parameters: the three-dimensional location of the middle edge of either
the top or the bottom of the plane (depending on choice of reference frame), the entire length and
width, the orientation of the plane in space described as the strike and dip (dip is 0° for a sill and
90° for a vertical dike), and the opening of the plane (offset) [Okada, 1985].
These simple, analytic models can sufficiently approximate surface deformation
observations, but it is unrealistic to consider these deformation sources accurate representations of
volcanic magma storage. The simplified geometries are instead representing the shallowest extent
of pressure change effecting the crust, or what should be the top of a magma storage region
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[DeGrandpre et al., 2017]. The pressure change estimated in analytic models is applied
instantaneously, in a uniform manner to the geometric cavity. In studies that use geodetic data to
constrain deformation source model parameters it is common to convert this instantaneous change
in pressure to a volume change of the magma chamber given the model geometry and assuming
instantaneous flux of incompressible, liquid magma. These assumptions have a significant effect
on the model results, and therefore interpretations of volcanic processes, but they are often violated
or ignored. It is, therefore, unsurprising that when fit by the same data, depth and volume estimates
calculated from these geometries are significantly different [DeGrandpre et al., 2017]. Further
complications are evident when geodetically constrained volcanic deformation source models
predict parameter values that are not comparable to those estimated using independent geologic
and geophysical data [Fig. 2.14] [DeGrandpre et al., 2017; Larsen et al., 2013; Miyagi et al., 2004].
There are two ways to address the assumptions of an incompressible magma body or cavity,
by using equations of state to define the pressure change [Anderson and Segall, 2011, 2013;
Huppert and Woods, 2002; Rivalta and Segall, 2008; Wong et al., 2017] or constraining the
dynamics of pressure change from additional petrologic, geochemical, and geophysical data
[Amoruso and Crescentini, 2009; Brothelande et al., 2014, 2016; Pedersent and Sigmundsson,
2004]. Standardized general equations that approximate dynamics such as heat flux [Furuya, 2005;
Gregg et al., 2015], lithospheric overpressure [Hickey et al., 2013], bulk magma compressibility
[Rivalta and Segall, 2008], or volatile content [Caricchi et al., 2014; Huppert and Woods, 2002]
may be sufficient in cases with coarse model resolution or if additional datasets are not available.
However, it is increasingly true, that additional petrologic, geochemical, or geophysical datasets
are available and can be used to define magma chamber characteristics and evolution.
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Figure 2.14. Models of magma chamber models at Okmok volcano from three different datasets.
A comparison of independent and joint inversions (a-d) of GPS and InSAR data shows the strength
of the GPS data in defining the source depth and of the InSAR data in fitting the east and north
map location. A tomography model at Okmok volcano shows group wavespeeds with lower
velocities at shallow depths assumed to be related to unconsolidated caldera fill and a deeper
reservoir at depths of 4-6 km. These two models show that different geophysical datasets can create
different estimates of the same geophysical feature. This is just one example of why there is a need
to focus future studies on interdisciplinary models that can predict measurements of all available
datasets. By utilizing data from across many geologic and geophysical studies more realistic
models will be constructed. Modified from Biggs et al. [2010] (a-d) and Masterlark et al. [2010]
(e-h).

A magma chamber is not a static feature until it has completely cooled to be in thermal
equilibrium with the surrounding crust. Even in the absence of magma volume flux, processes such
as crystallization, melting, volatile exsolution, and/or assimilation of host rock can be responsible
for pressure changes in the magma chamber that create observed surface displacements [Fig. 2.15]
[Caricchi et al., 2014; Currenti, 2018; Degruyter and Huber, 2014; Ji et al., 2018; Walwer et al.,
2019]. Geochemical and petrological analysis of erupted products provide evidence of the physical
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properties that characterize the material being stored, as well as a glimpse into the dynamics
effecting that material. Petrologic samples provide the only physical evidence of magma chambers,
and measurements related to the distribution and chemical composition of crystals, melt, and
volatiles are valuable for constructing realistic deformation source models [Fig. 2.15]. Petrologic
and geochemical data can be utilized under the assumption that the samples from past eruptions
are still a valid characterization of the current magmatic system. The thermal regime and general
size of a volcanic system can also be inferred from these petrologic datasets, providing additional
constraints on the spatial and temporal evolution of a magma chamber as it relates to surface
deformation. Gravimetric, magnetotelleruic, electroresitive, thermal and gas emission models can
also used to explore changes to the concentration, location, and pressure change associated with
fluids and volatiles within the magma chamber and surrounding crust [Bonaccorso et al., 2011;
Furuya et al., 2003; Kazama et al., 2015; Lundgren et al., 2004; Miller et al., 2017; Poland and
Carbone, 2016, 2018; Rymer et al., 2019]. These geologic and geophysical datasets are valuable
for evaluating the assumption that the pressure change is due to an incompressible magma, and
interdisciplinary models have explored the geochemical mechanisms that can produce surface
deformation observed from remotely sensed geodetic data [Caricchi et al., 2014; Degruyter and
Huber, 2014; Hautmann et al., 2017; Huppert and Woods, 2002; Walwer et al., 2019].
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Figure 2.15. Magma chamber models that explore geodetic surface displacements by using
petrology and geochemical reactions to create deformation. The top image shows variations in
overpressure and volume change with fractional crystallization in spheroids with minor axes of
0.5 km (a), 1 km (b), and 2 km (c) to imitate a sill to spherical chamber shape. The bottom two
panels plot the change in volume through time resulting from the exsolution of volatiles in a
chamber composed of two different magmas. These models show that assumptions of
incompressible magma and directly relate displacement to volume flux of magma are invalid.
Modified from Gregg et al. [2013] (top) and Caricchi et al. [2014] (bottom).
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Tomographic models of seismic velocities are another useful dataset that can provide
information about the size and shape of magmatic storage regions. The speed of seismic waves is
dependent on the elastic and material properties of the medium through which they are moving.
With increases in the concentration of melt and volatiles, viscosity, and temperature seismic wave
speeds decrease. These conditions are consistent with magmatic storage, and tomography models
often exhibit a slow velocity region beneath active volcanoes [DeGrandpre et al., 2017; Syracuse
et al., 2015; Wespestad et al., 2019]. From these models a general shape and location of a magma
chamber can be defined as a priori information for use in geodetic models of surface deformation.
Spaceborne geodetic data can be used to constrain volcanic deformation source models that
estimate the size, location, and pressure change of a magma chamber. Analytic models can rapidly
reproduce estimates of surface displacement, but limitations due to simplifying assumptions that
define the geometry and associated dynamics restrict their basis in reality. The development of
numerical techniques that integrate multi-disciplinary data, coupling remotely sensed data with
ground-based measurements and empirical relationships, has lead to the production of magma
chamber models that adhere to the laws of nature and are expected to provide a better description
of the realistic conditions and processes related to magma storage [Le Mével et al., 2016; Manconi
et al., 2009; Maeda, 2000; Newman et al., 2006; Segall, 2013].
2.3.2 Defining the crust
Oversimplification in analytic models of a volcanic deformation source is not limited to
the magma chamber alone. Simplifying assumptions of the surrounding crust include the similarly
unrealistic characterization of an isotropic, homogenous, elastic, half-space [Fialko, 2001;
McTigue, 1987; Mogi, 1958; Okada, 1985; Yang, 1988]. Estimations of pressure and volume
change of the deformation source are dependent on these assumptions. Producing accurate
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definitions of deformation source parameters will first require a realistic description of the
surrounding crust.
Analytic models characterize crustal rheology from elastic parameters that are not variable
in time or space (i.e. Poisson’s ratio and shear modulus). The values applied to these model
parameters are rarely reported in the literature, yet they can have input ranges that vary on an order
of magnitude.
The complicated, nonlinear, dependent nature of these rheological constraints in both time
and space has proven to be worthy of investigation [Fig. 2.16]. Addressing only one or two of
these assumptions has a measurable effect on predictions of displacement [Trasatti et al., 2003;
Long and Grosfils, 2009; Gregg et al., 2012, 2013; Hickey et al., 2013, 2015, 2016; Masterlark et
al., 2012].
Rheologic heterogeneities within the crust can be estimated by using a three-dimensional
grid of seismic wavespeeds, predicted from tomographic inversions, to calculate elastic parameters
of the crust [Brocher, 2005; Hickey et al., 2013, 2015, 2016]. The assumption of elasticity is also
frequently investigated using empirical relationships or interdisciplinary datasets. The viscoelastic
characterization of the model environment is an important concern when modeling surface
deformation timeseries, investigating magma chamber evolution, or defining stress thresholds for
eruption triggering [Fig. 2.16] [Cabaniss et al., 2018; Chiodini et al., 2016; Gottsmann and Odbert,
2014; Gregg et al., 2018; Gudmundsson, 2012]. In the case of instantaneous events, like coeruptive displacement, the assumption of elasticity does not have a significant effect on the model.
Viscoelasticity is most commonly applied by adding thermal perturbations to the model. The
geothermal gradient is easily calculated, and it can be combined with heated magmatic features
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emplaced in the crust to investigate the effect of viscosity perturbations on surface displacement
[Fig. 2.16] [de Silva and Gregg, 2014; Gregg et al., 2015].
Magma chambers are not constantly erupting at the surface due to the confining nature of
the lithostatic pressure. Estimates of pressure change in deformation source models do not account
for this crustal overpressure. There are fortunately, multiple methods for accurately defining the
geometry and pre-stressed conditions of the model half-space space. Williams and Wadge [1998]
initially derived topographic corrections to the analytic deformation source models, but more
accurate definition of the crust is possible since the development of numerical models that are
capable of including high resolution topography data and models (i.e. DEMs) [Trasatti et al.,
2003]. The gravitational loading of the crust can be calculated using surface elevations in
conjunction with the heterogenic density distribution, creating a model that includes an initial
estimate of lithostatic stress. Tectonic loading features, such as glaciers or lava flows, can be added
to the surface [Ebmeier et al., 2012; Grapenthin et al., 2010; Lu et al., 2003b, 2005a; Pinel et al.,
2017; Sigmundsson et al., 2010]. Mapped fault traces can be used to observe the effects of stress
distribution within the crust, and when all of these variables are incorporated into a viscoelastic
model the dynamic stress regime surrounding a magma chamber can be defined.
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Figure 2.16. Examples of volcanic deformation models that tested the effect of elastic,
homogenous and isotropic half-space assumptions made in simple analytic models. The top six
plots show the difference in the temperature, viscosity, and Young’s modulus when the geotherm
is included in the model environment at temperatures of 30° C/km (left three panels) and 50° C/km
(right three panels). These plots exhibit that simply adding a geothermal gradient and perturbations
to this gradient significantly change elastic properties of the crust. The bottom panel shows the
difference in source depth estimation between a homogenous model (HOM) and a heterogenous
(HET) model for spheres with radii (rs) of 1000, 1500, and 2000 meters. Modified from de Silva
and Gregg [2014] (top) and Masterlark et al. [2012] (bottom).
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2.4 Geodetic model optimization
A widely established approach to optimize volcanic deformation source model parameters
is by using geodetic measurements. To produce the most realistic model, evaluation of the model’s
ability to predict observations of displacement is essential [Fig. 2.17]. Many different public and
private modeling software packages are available for the construction and optimization of volcanic
models. The basic analytic models [Fialko, 2001; McTigue, 1987; Mogi, 1958; Okada, 1985;
Yang, 1988] are publicly available as part of the dModels package of MATLAB scripts [Battaglia
et al., 2013]. GBIS [Bagnardi and Hooper, 2018] and GAME [Cannavò, 2019] incorporate the
dModels analytic deformation source geometries with more advanced data uncertainty estimates
and inversion algorithms so that multiple datasets can be used to optimize the model. Finite
element models like DefMOD [Ali, 2014] add complexity by including the geophysical dynamics
of pore fluid pressure [Charco et al., 2014; Masterlark, 2003, 2007]. Comprehensive, multiphysical, finite element models such as PyLITH [Asgaard et al., 2008], Abaqus [Abaqus, 2009],
and COMSOL Multiphysics® were not necessarily designed specifically for volcanic deformation,
but they provide the user with little to no creative restrictions [Fig. 2.18]. Intricate models that can
define hundreds of dependent and independent parameters, characterizing a multitude of geologic
and geophysical features and processes, can also be constructed from a system built from equations
of state [Anderson and Segall, 2011, 2013; Anderson and Poland, 2016; Caricchi et al., 2014;
Walwer et al., 2019; Wong et al., 2017]. These programs have a variety of strengths related to
computational efficiency, physical complexity of the model space, and the options and control of
parameter search, inversion algorithm, and optimization techniques. A thorough understanding of
the uncertainty, assumptions, and limitations of both data and the model space is required when
selecting the particular program or algorithms used to solve for parameters in volcanic models.
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Figure 2.17. Posterior distributions of model parameters for a multi-physical Bayesian inversion
of geodetic and geochemical data for the 2004 Mount St. Helens silicic dome building event. This
shows how to further investigate the fit of a model by comparing parameter relationships and the
model fit. Linear relationships that exhibit less certainty and non-unique characteristics such as the
plug length and chamber pressure are poorly constrained by the model while chamber pressure
above magmastatic is relatively well constrained. Parameters such as compressibility, chamber
bottom depth, pressure at the bottom of the chamber, and pressure at the base of the plug are best
fit by models that are at the edge of the input bounds, indicating that additional testing with
modified parameters input bounds may produce different estimates for these variables. Modified
from Anderson and Segall [2013].
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Figure 2.18. Three-dimensional multi-physical finite element models of volcanic systems created
using Abaqus and COMSOL Multiphysics® software. A complete model of the Rabaul Caldera
system in Papua New Guinea created using Abaqus exhibits complicated geometry, heterogenic
features, meshing schemes, and the integrated use of topography, geologic, seimic, and
tomography data (a-d). An overview of the model environment (a) is a more realistic representation
of the simple schematic (b) that includes complicated shapes of the geologically distinct Baining
Mountains block (blue), caldera dike complex (purple), the intra-caldera fill (gray and enlarged as
c), and magma chamber (orange and enlarged as d). COMSOL Multiphysics® is used to create a
schematic for the volcanic system at Cotopaxi, Ecuador (e), a physics-based mesh (f), and a heated
magma source model with geothermal gradients, heat flux, and lithostatic pressure (g). This is
similar to the heated magma chamber model (h) also created using COMSOL Multiphysics®. This
shows the dissipation of heat through the surrounding crust that is in contact with a 1200K magma
body. These models show the state of the art advances in volcanic modeling that have begun to
address unrealistic assumptions associated with simple analytic models. Modified from Ronchin
et al. [2013] (a-d), Hickey et al. [2015] (e-g), and Currenti et al. [2010] (h).
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An early investigation of differences in surface displacement due to changes in geometry
of the deformation source was conducted by Dieterich and Decker [1975] using a finite element
method to compare an axially symmetric sphere, circular sill, and “pill-shaped” stock in addition
to a simple point source. They found that vertical displacements are generally consistent between
all of these shapes, but that the geometry has measurable controls on the horizontal displacement,
this has the potentially significant implications when considering differences between GPS and
InSAR measurements. Models that invert multiple datasets simultaneously have been shown to
harness the various strengths of the associated data when properly weighted [Fig. 2.14] [Bagnardi
and Hooper, 2018; Bato et al., 2017, 2018; Biggs et al., 2010; Le Mével et al., 2015; Masterlark et
al., 2010, 2012; Reinisch et al., 2017; Zhan et al., 2017a, 2017b].
Deformation sources defined by optimizing geodetic data in near-real time have been
proposed as a method to overcome limitations due to the computational cost of numerical finite
element models and the geometric restrictions and assumptions of analytic models [Fig. 2.19]
[Cannavò et al., 2015]. These models would facilitate projections of the timing and location of
eruptions by constantly tracking the location and evolution of a deformation source, as defined by
data in real time. This method was proven to be accurate when using historic data from a known
eruption, but has yet to be applied as a current monitoring technique at active volcanoes. Remotely
sensed geodetic timeseries have also been used to optimize eruption forecasting models [Bato et
al., 2017, 2018; Blake and Cortés, 2018; Fernández et al., 2017; Lee et al., 2015; Ramis et al.,
2019; Zhan et al., 2017a, 2017b]. The assumption implicit in many of these forecasting models,
however, is that the volcano will behave consistently from one eruption to the next, yet studies
show that this is often not the case [Larsen et al., 2009]. Nevertheless, hindcasting models using
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these methods have proven robust [Albright et al., 2019; Bato et al., 2017, 2018; Blake and Cortés,
2018; Fernández et al., 2017; Lee et al., 2015; Ramis et al., 2019; Zhan et al., 2017a, 2017b].
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Figure 2. Model for the inflation phase. Cumulated magmatic body (in green) modelled for the period 1
January 2007 to 12 May 2008 and time evolution (in red) for the sub-period that corresponds to the months
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cumulative magma body during the entire two-month episode (June-July 2007). The evolution of
the inflation source through time can be observed propagating to shallower depths a year prior to
the flank eruptionarethat
occurred on 13 May 2008. Modified from Cannavò et al. [2015].
in UTC hereinafter) of the day before the eruption, a vertically elongated source from 2 km bsl to
2 km asl identifies a magma batch likely migrating towards the surface. Starting from 6.00 am of the day
of eruption, a large positive pressure source
68 located at about 2.5 km asl in the NE sector of the summit
area triggered the dyke intrusion at 7.00 am towards the shallow complex source in the NW-SE direction (see Fig. 3, panel a). The latter source reached its maximum expansion in that direction at 11.30 am
(Fig. 3, panel c) and contracted only after 12:30 pm. This activity follows exactly the sequence of events
and models reported in previous studies26,28. The estimated pressure sources show, minute by minute,
that most of the recorded deformation corresponds to a shallow dilation process located close to the NE

2.5 Modeling aerosol and thermal emissions
Volcanoes discharge hot material and gases during an eruption (Chapter 3.1.1 and 3.1.2
from the textbook containing this publication: DeGrandpre and Lu [accepted]), but inter-eruptive
periods can also produce gas and thermal emissions that are measurable from space (Chapter 3.1.2
from the textbook containing this publication: DeGrandpre and Lu [accepted]) [Fig. 2.20] [Flower
and Carn, 2015; Laiolo et al., 2017; McCormick et al., 2015; Reath et al., 2019a, 2019b; van Manen
et al., 2013]. Magma stored at active volcanoes can have temperatures between 400-1300° C,
which is much hotter than the surrounding lithosphere. Diffusion and convection can produce a
thermal flux at the surface that is observable using visible and infrared wavelengths (Chapters 2.8
and 3.1.2 from the textbook containing this publication: DeGrandpre and Lu [accepted]) [Coppola
et al., 2013; Harris, 2008, 2013; Reath et al., 2019a, 2019b; Wright et al., 2008, 2015]. This surface
heat flux is easily measured during inter-eruptive periods and models of the temporal thermal
evolution can provide precursory information regarding the timing and location of magma
migration that is essential for eruption forecasting [Flower and Carn, 2015; Reath et al., 2016,
2019a, 2019b; van Manen et al., 2013]. This inter-eruptive thermal flux is often a result of
conducting gases that are released from a magma body as it cools and crystallizes [Fig. 2.21]
[Carrichi et al., 2014; Huppert and Woods, 2002]. These volatiles rise through the crust due to
density driven buoyancy, and are predominantly composed of water, carbon dioxide, and sulfur
dioxide. Remotely detecting small concentrations of these compounds can be difficult because
they are also present in the surrounding atmosphere. However, the concentration of sulfur dioxide
in the atmosphere is much less than water or carbon dioxide, and in the event that magma migrates
to shallow depths, or a significant pulse is injected into a deeper storage region, discharge of sulfur
dioxide at the surface can reach anomalous levels. Conversely, during eruptive events that produce
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volcanic hazards such as lava flows [Fig. 2.22] or eruption plumes [Fig. 2.23], the concentration
and flux of aerosol and thermal emissions are easily detected using spaceborne sensors [Francis
and Rothery, 2000; Harris, 2013; Wright et al., 2015]. Complications arise due to standard data
acquisition errors, such as sensor saturation, temporal or spatial resolution, and the reliability or
validity of measurements in the sense that multiple turbulent dynamics may be rapidly taking place
and it may be difficult to establish certainty that the measurement consistently reflects the intended
variable (see Chapters 2.7, 2.8, and 3.1.2 from the textbook containing this publication:
DeGrandpre and Lu [accepted]).
Models that employ these satellite measurements are subject to limitations inherent in the
collection and processing of thermal or aerosol emission data and propagation of such bias can
restrict model resolution or inhibit convergence on a unique solution [Francis and Rothery, 2000;
Harris, 2013; Wright et al., 2015]. The most notable limitation is that these measurements are
largely relative to the surrounding atmosphere, so absolute values can only be determined when
calibrated by a direct (ground or airborne) sample. Nonetheless, these spaceborne observations are
fundamental for eruption modeling and forecasting and can facilitate rapid and appropriately
directed hazard response, as well as constrain parameters that define volcanic plumbing systems
[Harris, 2013; Reath et al., 2019b; van Manen et al., 2013; Wright et al., 2008, 2015].
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Figure 2.20. SO2 plume maps from OMI, AIRS, and SCIAMACHY measurements for the 6 April
2005 (a) and 3 May 2005 (b) explosive eruptions of Anatahan Volcano. Timeseries of SO2 mass
burden from 2004–2010 (c) with detailed plots of the SO2 and thermal (d) output during the 2005
eruption. Modified from McCormick et al. [2015].
71

Figure 2.21. Conceptual models for the evolution of the volcanic plumbing system of Masaya
Volcano from 2014-2017 (a-c). In phase 3 (P3) CO2 flux peaks, which is interpreted as an increase
in gas bubble supply from a deeper volatile-rich source (a). Formation of the lava lake on 11
December 2015 is expected to be a result from the enhanced vesicularity of the shallow magma
reservoir coupled with magma volume flux from depth (b). Steady degassing of the lava lake
during phases 4 and 5 (P4 and P5) continues until the degassing driven magma supply returns to a
pre-eruptive state (c). Schematic of convection in a hydrothermal system that can be used to
calculate H2O mass and energy balance. Qi is mass flux, QHi is thermal flux for: the original liquid
(LO), liquid remaining after boiling (res) and liquid that condenses from the steam separated
during boiling (cond). Gas exsolution during the early stages of magma chamber development (e).
Modified from Aiuppa et al. [2018] (a-c), Bini et al. [2019] (d), and Fournier [2007] (e).
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Figure 2.22. Bardarbunga-Holuhraun lava field location map (a) with MODIS thermal data of the
Holuhraun field (white outline) on 03 February 2015 (b) and thermal profile from the vent to the
lava flow front (c). Thermal profile timeseries of stacked MODIS images from September-March
from the vent to the lava flow front are then shown with a white dashed line to indicate the distance
from the vent to the flow extent (d). Eruption phases and flow characteristics are indicated.
Comparison of flow length that is measured (red) and modeled (blue) using the Calvari and
Pinkerton model that assumes channel-fed, cooling limited conditions (e). Discrepancy between
data and model from December-March indicate tube fed emplacement is more likely. Modified
from Coppola et al. [2019].
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Additionally, thermal and aerosol fluxes are intrinsically interdependent parameters that
control the form and magnitude of volcanic hazards [Carey and Bursik, 2015]. The application of
one of these datasets independently thus requires additional assumptions regarding rheologic
properties or the thermal regime. Fortunately, the increased availability and quality of satellite data
often enables simultaneous measurements of thermal and aerosol emissions [Flower and Carn,
2015; Reath et al., 2019b], and modeling techniques can now integrate direct observations of
multiple properties to produce realistic estimations of multivariate processes such as discharge rate
and plume height [Cerminara et al., 2015; Dufek and Bergantz, 2007; Folch et al., 2016; Neri et
al., 2003; Realmuto and Blake., 2016]. For this reason, this section will not be partitioned by data
type, but instead by volcanic process, because of this necessity to integrate thermal and aerosol
measurements when modeling these hazards.
2.5.1 Inter-eruptive modeling of active volcanoes
There has been much debate about how to define an eruption period or classify a volcanic
system as active versus inactive [Ebmeier et al., 2018]. Here we define eruptions as the discharge
of solid material and volcanic activity as thermal, gas, or displacement measurements that are
anomalous when compared to the surrounding atmospheric or tectonic conditions [Fig. 2.24].
Therefore, inter-eruptive volcanic activity is measurable by the subaerial discharge of thermal or
gas emissions produced when a magma body increases the temperature of the surrounding crust or
fluids (e.g., groundwater) through diffusion or convective processes.
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Figure 2.24. Remotely sensed gas emissions, thermal flux, and deformation at Copahue Volcano.
Modified from Reath et al. [2019b].

The most basic way a thermal anomaly is produced at the surface is when magma migrates
from deeper storage to very shallow depths, but as magma nears the surface there is generally rapid
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depressurization, and an eruption ensues. The most common mechanism responsible for remotely
sensed thermal anomalies during inter-eruptive periods, is heat convection due to the migration of
hot gasses and fluids [Fig. 2.25] [Aiuppa et al., 2018; Delmelle et al., 1999; Laiolo et al., 2017;
Reath et al., 2019a]. This convection can result from multiple geophysical processes and analyzing
correlations between satellite observations of thermal and gas anomalies simultaneously can
resolve the specific dynamics governing a volcanic plumbing system.
A simple model that interprets periodicity and relative activity can be used to describe the
source parameters that produce the observed anomalies [Delmelle et al., 1999; Flower and Carn,
2015; Laiolo et al., 2017; Reath et al., 2016, 2019b]. The following examples represent some of
the general relationships that are used to model exclusive or combined volcanic activity [Carrichi
et al., 2014; Harris., 2013; Reath et al., 2019a, 2019b; van Manen et al., 2013]. The most alarming
correlation is of course rapidly increasing flux and spatial extent of a thermal anomaly that is
associated with significant discharge of gases with high concentrations of sulfur dioxide. This
indicates magma migration towards the surface and an eruption is eminent. Pulses of new magma
from depth to a mid-crustal storage region is a possible explanation for observations of episodic
increases in gas flux at the surface. These gases would be composed of some sulfur dioxide and
carbon dioxide and contain relatively less water. Surface displacement could also potentially be
associated with this process, but there would not be any immediately significant changes in thermal
flux. Crystallization of stored magmas results in the exsolution of volatiles that produce consistent
thermal anomalies in conjunction with a constant flux of volcanic gases. These dynamics can all
be further complicated in the presence of hydrologic features (e.g., snow, lakes, groundwater). It
is not yet possible to distinguish between magmatic and crustal water sources remotely, but water
vapor concentration provides additional details that are useful for hazard mitigation as eruptions
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in the presence of water are generally more violently explosive. These models are generally
forward models of geodynamic processes that produce similar results to remote observations of
gas and thermal flux. Improvements to satellite sensor measurement sensitivity and resolution in
both time and space will facilitate the development of more rigorous models that could provide
detailed descriptions regarding specific volcanic activity in both time and space during intereruptive periods.
Thermal and gas emissions during inter-eruptive events are primarily used to identify
eruption precursors. Global databases such as MIROVA [Coppola et al., 2016a, 2016b, 2019] and
MODVOLC [Wright et al., 2004] now provide automatic detection of thermally elevated pixels
from satellite data, so that near-real time alerts of thermal activity are available and categorized
for the purpose of hazard response. Regional databases, such as AVTOD [Reath et al., 2019a], can
be created with high resolution data that provide a more comprehensive and detailed description
of a region, useful for hazard prediction, but also for investigating volcanic arc relationships as
they relate to subduction zone processes. Further development of these automatic detection
algorithms and their correlation with concurrent gas emissions will provide more robust
identification and early warning capabilities in the near future.
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Fig. 3. Data availability as constrained by the percentage of nighttime observations that are cloud-free surrounding the volcanic summit. Total cloud-free percentage values for each region
are: Mexico-54.8%, Central America-29.9%, Caribbean-9.5%, Galapagos-34.8%, Northern Andes-31.6%, Central Andes-66.3%, Paciﬁc Ocean-14.3%, and Southern Andes-44.6%. The total number of acquisitions represents the number of acquisitions over the lifetime of the ASTER sensor up to 1 January 2018. Values are tabulated in Table S1.

Fig. 4. New VTF detections, all images use the same distance scale and temperature range, all images have been rotated so north is up. Two types of TFs have been identiﬁed, VTFs and crater
lakes. Each TF has been labeled to designate its type. Each scene corresponds to: A) Calabozos (Chile), acquired 25 May 2017, crater lake can be found in the central crater, VTF identiﬁed on
the SE ﬂank (34.564°S, 70.489°W); B) Crater Basalt Volcanic Field (Argentina), acquired 14 February 2015, a series of VTFs are identiﬁed in the SE portion of the volcanic ﬁeld. The VTFs are
located adjacent to a group of playa lakes that occasionally ﬁll with water (42.110°S, 20.003°W), however the VTFs are persistent and hotter than surrounding surface water, and are therefore likely volcanogenic; C) Izalco (El Salvador), acquired 11 December 2014, VTF identiﬁed in summit crater (13.814°N, 89.633°W); D) Nevado Cachani (Peru), acquired 2 August 2017,
VTF identiﬁed on the N ﬂank shield volcano (16.034°S, 71.532°W); E) Apaneca Range (El Salvador), acquired 14 January 2017, a series of VTFs are identiﬁed N of Laguna Las Ninfas
(13.841°N, 89.787°W); F) El Hoyo (Nicaragua), acquired 17 November 2000, VTF identiﬁed on SW edge of summit crater (12.488°N, −86.668°W).

Figure 2.25. Volcanic thermal features (VTFs) and crater lakes identified from ASTER thermal
infrared data at six Latin America volcanoes. The specific volcano and date of acquisition are as
follows: Calabozos 25 May 2017 (a), Crater Basalt Volcanic Field 14 February 2015(b), Izalco 11
December 2014 (c), Nevado Cachani 2 August 2017 (d), Apaneca Range 14 January 2017 (e), and
El Hoyo 17 November 2000 (f). Modified from Reath et al. [2019a].

2.5.2 Lava flows, domes, and lakes
Volcanic measurements of thermal and gas emissions collected during periods of
quiescence are extremely useful for eruption forecasting, but the majority of volcanic models that
employ these measurements are created to estimate parameters associated with erupted products
(e.g. lava flows, domes, PDCs, and eruption plumes) [Aiuppa et al., 2018; Aufaristama et al., 2018,
2019; Bonny et al., 2018; Calavari et al., 2018; Coppola et al., 2013, 2019; Harris, 2013; Patrick
et al., 2003, 2004, 2005; Vicari et al., 2009]. Models of erupted material can provide geochemical
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and physical constraints on magma parameters, such as crystal fraction and volume [Fig. 2.26]
[Aufaristama et al., 2018, 2019; Coppola et al., 2013; Huppert and Woods, 2002; Ramsey and
Fink, 1999; Tsepelev et al., 2019], but are most crucial for rapid response efforts to preserve life
and property [Corradino et al., 2019].
Observations of the thermal evolution of solid eruption products such as lava flows or
domes can be used to map the extent of the deposit through time [Aufaristama et al., 2016; Coppola
et al., 2019; Corradiori et al., 2019; Davies et al., 2003, Harris, 2008; Wright and Pilger 2008].
Heat flux models [Fig. 2.26] used in conjunction with surface deposit maps can predict the
thickness and therefore volume of the deposit [Aufaristama et al., 2016, 2018, 2019; Bonny et al.,
2018; Calvari et al., 2008; Harris, 2013; Harris et al., 2002, 2016; Wright et al., 2008]. As the lava
flow or dome cools and crystallizes, thermal contraction models provide an explanation of the
mechanics responsible for subsidence observed in geodetic data, presenting an opportunity to
independently constrain this dynamic using multiple geophysical datasets [Delgado et al., 2014;
Lu et al., 2003b, 2005a; Patrick et al., 2003, 2004, 2005].

80

Figure 2.26. Examples of lava flow and cooling model design. Schematic for a model used to
analyze evolution of the lava flow produced by the Okmok 1997 eruption (a). FLOWGO heat box
thermo-rheological model of controlled volume channel flow that is limited when cooling causes
rheologic changes that impede motion. The lava viscosity, yield strength, velocity, and
corresponding channel width are estimated from the thermal state (heat budget, temperature of
core, base, surface, crust) and physical state (crustal coverage, crystallinity, vesicularity) (b).
Thermal conduction model schematic for lava flows with both smooth (c) and rough (d) surface
material. Modified from Patrick et al. [2014] (a), Chevrel et al. [2018] (b), and Aufaristama et al.
[2018] (c and d).
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Recent developments in modeling lava flow dynamics are focused on defining a more
realistic model environment using finite element methods to integrate DEM controlled topography
with near real time measurements of lava flow advances [Wright et al., 2008]. Programs such as
FLOWGO/PyFLOWGO [Chevrel et al., 2018; Harris and Rowland, 2001, 2015; Harris et al.,
2016; Rowland et al., 2005; Wantim et al., 2013], OpenFOAM [Fig. 2.27] [Tsepelev et al., 2019],
and MAGFLOW [Fig. 2.28] [Cappello et al., 2016; Herault et al., 2009; Rogic et al., 2019] can be
used to predict lava flow advance by simulating the thermo-rheological evolution of the deposit as
it responds to local topography. In addition to data uncertainties and limitations, lava flow
dynamics are often mechanically and chemically complicated with variability that can be spatially
localized. State of the art thermal models are beginning to address present flow model limitations
by applying machine learning techniques to predict future flow behavior [Corradino et al., 2019].
Lava lakes are an obvious target for remotely sensed measurements of thermal and gas
emissions because of the extreme risk and bias inherent in ground-based point source
measurements [Harris, 2018]. Timeseries measurements of thermal and gas emissions are used to
model magma flux both at depth and at the surface [Aiuppa et al., 2018; Coppola et al., 2019;
Davies et al., 2008; Delmelle et al., 1999; Delaney et al., 2018; Harris, 2008; Wright and Pilger,
2008]. These open systems are constantly experiencing the heat and gas flux required for magma
to remain molten, and while some lava lakes slowly solidify or decrease in volume, others abruptly
disappear and can produce a flank eruption at a different location [Delaney et al., 2018]. These
complicated dynamics are still difficult to predict, but models that can recreate spaceborne
measurements of changes in the thermal flux as well as concentration and composition of output
gases, can help to identify whether the system is experiencing recharge, or if volcanic activity is
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declining [Aiuppa et al., 2018; Davies et al., 2008; Delmelle et al., 2011; Harris, 2008; Wright and
Pilger, 2008].

Figure 2.27. Three-dimensional lava flow map and crossection with the model domain indicated
in red (a). Viscosity, temperature, and velocity target functions (b) can be obtained after 30
iterations as the residuals are significantly reduced by the 31st iteration (c). Modified from Tsepelev
et al. [2019].
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Figure 2.28. Thermal anomaly detected using Landsat 7 (ETM+) during the 05 August 2001 lava
flow on Mt. Etna (a). Thermal infrared band 6 (b) and SWIR bands 7 (c) and 5 (d) compare
emissivity measurements for a common pixel (green box). Flow extent results estimated using the
MAGFLOW model show a 600 m difference in lava flow length with decreasing emissivity (e, f,
g). Modified from Rogic et al. [2019].
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2.5.3 Pyroclastic density currents
PDCs present the greatest threat to human life due to their high temperatures, large
volumes, rapid onset, and high velocity [Dufek et al., 2015]. While thermal observations from
local, ground-based cameras have been able to image PDCs [Delle Donne et al., 2014], remote
sensing techniques have not been applied because of limitations in satellite temporal resolution
and complications surrounding the timing, density, and structure of PDCs. Nonetheless, forward
models of the flow mechanics related to PDCs predict properties such as temperature, clast
size/shape, turbulence, velocity, and ground surface interaction [Fig. 2.29] [Dufek and Bergantz,
2007; Neri et al., 2003]. There are a diverse range of PDC models available, but they can be
grouped into three main categories according to complexity [Fig. 2.30]. The simplest, onedimensional models [Fig. 2.30b] are used for dilute PDCs, where particle characteristics are
neglected in order to predict buoyancy and flow run out [Bursik and Woods, 1996; Dade and
Huppert, 1995]. These models assume PDCs are a homogenous, turbulent current and rely on
additional assumptions involving the conservation of mass, volume, and/or thermal energy, as well
as features such as entrainment and sedimentation [Bursik and Woods, 1996; Dade and Huppert,
1995; Dufek et al., 2015]. Models of concentrated flow [Fig. 2.30c], where particles are assumed
to be close-packed and are averaged over the thickness of the PDC, are used to analyze thin PDCs
in two-dimensions. These models focus on estimating shear stresses along the bed of the PDC or
investigating effects of pore pressure on PDC run out. The assumptions that there are no internal
variations within the PDC simplify the governing equations so that the contact between the PDC
and local topography has the most significant influence and more sophisticated, DEM controlled
topography models can be applied [Dufek et al., 2015]. The most sophisticated PDC models [Fig.
2.30d] simulate multiphase flow and incorporate conservation equations for individual particle
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types, to account for physical processes occurring within the flow (e.g., momentum conservation
due to drag forces between gas and solid particles) [Dufek and Bergantz, 2007]. These two- and
sometimes three-dimensional models are useful for examining density structure within the PDC as
well as predicting collisional, turbulent, and frictional interaction between particles, but large
computational demands have curbed widespread use. These multiphase models can be constrained
by ground-based measurements of particle size, density, shape, sorting, and stratification in
mapped deposits [Dufek et al., 2015]. Integration of processes that include PDC bed to ground
surface interactions and DEM controlled topography provide realistic predictions for dynamic
runout of PDCs given a range of values for the model input parameters [Fig. 2.31] [Vázquez et al.,
2019]. These forward models provide risk and hazard estimates that are used to define eruption
response procedure and mitigate volcanic threat to local communities [Dufek et al., 2015; Vázquez
et al., 2019]. Combining these models with real time remotely sensed thermal, gas, and geodetic
data will be a significant contribution for preventing and responding to the risks presented by
volcanic hazards.
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Figure 2.29. Simulations of PDCs in two and three dimensions. Timeseries of a three-dimensional
model for a PDC defined by an initial velocity, initial mixture density, two particle classes in equal
proportion and a constant temperature (a). Comparison of two-dimensional models with saltation
(c, d) and leaky (e, f) boundary conditions and two different particle sizes: St << 1 (a, c) and St ~
1 (b,d). Modified from Dufek et al. [2009, 2015] (b) and (a) respectively.
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Figure 2.30. Mechanisms for PDC generation (a) and types of models used to simulate associated
properties and dynamics (b-d). PDC model complexity can vary from dilute one-dimensional
models (b), to depth-averaged coulomb models (c), and the most complicated, multiphase models
(d). Modified from Dufek et al. [2015].

88

Figure 2.31. Block and ash flow model predictions for Tacana Volcano. Maps of the thickness and
spatial distribution of PDC deposits when the source location model parameter is varied for eight
different eruptive vents given a fixed volume of erupted material (30 x 106 m3) and basal friction
angle (20°) (A-H) estimate significantly different flow directions, but similar thickness and
distance from the source. Variations in basal friction angle for a high-volume eruption (100 x 106
m3) that occur from the same eruption source (co-located with the source location applied in panel
G) show that higher basal friction angles, 23° (I) and 20° (J) reduce the spatial extent of flow
runout than lower angles, 18° (K) and 12° (L). Modified from Vázquez et al. [2019].
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2.5.4 Volcanic plumes
A variety of explosive eruption types produce volcanic plumes that inject particles and gas
into the atmosphere (see Chapter 3.1.2). Models of these events are therefore defined by
parameters derived from both the volcanic source and the surrounding atmospheric conditions
[Fig. 2.32] [Carey and Bursik, 2015; Francis and Rothery, 2000]. Volcanic plumes can also reach
heights greater that ten kilometers above the ground surface [Fig. 2.33] and their lateral distribution
can quickly extend across an entire hemisphere, so while ground-based measurements provide
excellent resolution of the eruption vent and properties associated with low altitude, local
processes, they are often inadequate for measuring the entire plume in both space and time [Flower
and Carn, 2015; Flower and Kahn, 2018; Francis and Rothery, 2000; Kilbride et al., 2016;
McCormick et al., 2015; Reath et al., 2016]. For this reason, and the obvious personal and
instrumental hazard associated with ground-based measurements, spaceborne data are critical for
monitoring, modeling, and forecasting volcanic eruption plumes. A variety of satellite-based data
are valuable for constructing or constraining models of past, current, and future plume dynamics,
but thermal and spectral measurements are most commonly applied [Carey and Bursik, 2015;
Francis and Rothery, 2000].
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Figure 2.32. Model simulations of eruption plumes 800 seconds after onset, with varying mass
flow rates, 109 kg/s (a), 109.5 kg/s (b), 1010 kg/s (c), 1011 kg/s (d). The top panel of each group (a,
b, c, d) is a vertical cross-section of the mass fraction of erupted mixture, the middle panel is the
density difference between the eruption plume and the atmosphere, and the bottom panel is a threedimensional mass fraction (0.01) isosurface. Modified from Costa et al. [2018].
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Redoubt Volcano (Fig. 1a). These observations strongly suggest
that hail formation occurred directly within the volcanic plume.
To test the physical plausibility of this process, we modelled event
5 using the Active Tracer High-resolution Atmospheric Model
(ATHAM), which is a cloud-resolving large-eddy simulation for
explosive eruptions23–25. The simulation was initialized from

a

excellent agreement with C-band Doppler radar measurements
and field deposits (Figs 2 and 3). Ten minutes after eruption
initiation, the modelled plume reaches 19.2 km above sea level,
matching the radar echo top (Fig. 4a). Shortly thereafter, coarse
particles 4500 mm, including hail and ash aggregates, begin to
separate from the suspended mixture by gravitational fallout
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al., 2007]) due to the associated potential socioeconomic threat [Bursik et al., 2009; Francis and
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Rothery, 2000]. This was recently re-emphasized in 2010 when the eruption of Eyjafjallajokull in
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Iceland ended up costing European commercial airlines an estimated $1.7 billion (USD) [Carey
and Bursik, 2015]. This economic loss results from disruption to air traffic patterns because even
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ash particles that may not be easily visible can pose a threat to aircraft. These tiny airborne particles
are both hot and abrasive, which causes damage to aircraft engines so that they are functionally
impaired. Ash can also stay entrained in the atmosphere for years before eventually being
deposited back on the ground surface, so determining such characteristics as the density, shape,
temperature, and volume of ash erupted in real time is essential for hazard mitigation [Fig. 2.34].
In addition to solid particles, volcanic plumes transfer gas from magmatic and hydrogeologic
sources to the atmosphere [Fig. 2.35] [Carey and Bursik, 2015; Flower and Carn, 2015; Flower
and Kahn, 2018; Francis and Rothery, 2000; Reath et al., 2016]. These gasses are mostly composed
of water vapor, carbon dioxide, and sulfur dioxide but unlike solid aerosols, gas emissions can
remain in the atmosphere indefinitely. Especially large eruption plumes are capable of affecting
global climate when substantial amounts of sulfur dioxide are injected into the atmosphere
(Chapter 3.1.2) [Carey and Bursik, 2015; Francis and Rothery, 2000]. While these catastrophic
eruptions have not been recorded historically, there is evidence in the geologic record that indicate
their effects would be severely detrimental to international socioeconomic stability. Models that
explore the global dispersion and lasting climate effects of such gas rich volcanic plumes are
therefore critical for long-term socioeconomic planning.
There are numerous available volcanic plume models with diverse strengths and limitations
[Carey and Bursik, 2015; Costa et al., 2016; Suzuki et al., 2016; Francis and Rothery, 2000].
Independent and dependent kinematic processes occurring within a volcanic plume are operating
on a variety of spatial and temporal scales. For this reason, plume models can be qualitative,
quantitative, analytic, numerical, forward, inverse, data driven, or hypothetical (forecasting) with
variable complexity in one, two, or three dimensions depending on the dynamic that is of interest.
The physics of a volcanic plume is mainly controlled by the thermal disequilibrium between
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erupted products and the surrounding atmosphere, otherwise known as buoyancy forces.
Therefore, fundamental to any eruption plume model are the mass eruption rate and initial vertical
distribution source terms [Carey and Bursik, 2015; Costa et al., 2016]. These parameters are
defined by density, volume, and thermal properties that can be calculated, depending on
assumptions, using multiple different equations or constrained by remotely sensed observations
[Carey and Bursik, 2015; Costa et al., 2016]. Additional parameters such as discharge rate, aerosol
composition, geometry of the source vent, and local atmospheric circulation control structural and
behavioral aspects such as maximum plume height, width, dispersion, and atmospheric residence
time.
Because there are numerous volcanic plume models that vary in data use, model
complexity, computing efficiency, and temporal and spatial resolution of dynamic processes, we
do not attempt to compare and describe them here. Recently, however, there have been studies that
focus not on developing the volcanic plume models, but rather on comparing input parameters,
model complexity, and results to investigate their effects on model resolution and convergence
[Costa et al., 2016; Suzuki et al., 2016]. Costa et al. [2016] compare nine one-dimensional volcanic
plume models that differ in their application of the mathematical derivation of turbulent buoyancy
forces with four three-dimensional models that that were designed to provide higher resolution of
the subtle features and effects of turbulent forces [Table 2.1]. The purpose of this study was to
investigate the effect of computational complexity on model results by testing a set of common
input parameters that defined the mass eruption rate and initial vertical distribution. This blind test
was performed for both weak and strong eruption plumes under different atmospheric conditions.
Their results reveal that there is no single superior model and depending on the process of interest
(e.g., umbrella formation or column instability) some models are more suitable than others, so that
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appropriate model selection must be determined by weighing the computational cost, available
data, and mathematical assumptions.
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Figure 10. Mass fraction for t = 500 s after eruption. Panels (a, b) are visualizations of SPH simulation results. Panel (b) shows visualization
of a slice of the computational simulation, whose thickness is around 10 000 m. The lowest portion of the plume represents erupted material
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Global and local variables

One of the key global quantities of great interest is the altitude to which the plume rises. The top height predicted
by our model is around 40 km which agrees with other
plume models. For example, the height predicted by PDAC
is 42 500 m, by SK-3D is 39 920 m, by ATHAM is 33 392 m
and by ASHEE is 36 700 m. As for local variables, the profiles of integrated temperature, density, mass fraction of en-
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Figure 2.35. Model results for density temperature and distribution of the air and erupted materials
for pressure balanced (a, c) and overpressured (b, d, e) eruption plumes. Modified from Ogden et
al. [2008].
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Table 2.1. Summary of models used in Costa et al. [2016]. Alpha (𝛼) and beta (𝛽) are entrainment
coefficients for the vertically rising plume and wind effects, respectively, f and g are functions
based on the local Richardson number (Ri) and average wind intensity, LES is a Large Eddy
Simulation model, and DNS is a density structured turbulent model. Modified from Costa et al.
[2016].

Ref

Name

Mode
l type

Air entrainment

Wind

Particle Particle Moisture Water
fallout re-entrain. entrain. latent heat

1

Puffin

1D

𝛼 = 0.15 𝛽 = 1.0

Yes

Yes

Yes

No

No

2

Degruyter

1D

𝛼 = 0.1 𝛽 = 0.5

Yes

No

No

Yes

Yes

3

PlumeMoM

1D

𝛼 = 0.09 𝛽 = 0.6

Yes

Yes

No

No

No

4

Devenish

1D

𝛼 = 0.1 𝛽 = 0.5

Yes

No

No

Yes

Yes

5

FPluMe

1D 𝛼 = 𝑓(𝑅𝑖) 𝛽 = 𝑔(𝑅𝑖) Yes

Yes

Yes

Yes

Yes

6

PPM

1D

𝛼 = 𝑓(𝑅𝑖) 𝛽 = 0.5

Yes

Yes

No

No

No

7

Plumeria

1D

𝛼 = 0.09 𝛽 = 0.5

Yes

No

No

Yes

Yes

8

PlumeRise

1D

𝛼 = 0.09 𝛽 = 0.9

Yes

No

No

Yes

Yes

9

ASH1D

1D

𝛼 = 0.1 𝛽 = 0.0

No

No

No

No

Yes

10 ATHAM

3D

LES

Yes

Yes

Yes

Yes

Yes

11 SK-3D

3D

DNS-LES

Yes

No

No

No

No

12 ASHEE

3D

LES

No

Yes

Yes

Yes

Yes

13 PDAC

3D

LES

No

Yes

Yes

No

No

Refs: 1-Bursik [2001]; Pouget et al. [2016]; 2-Degruyter and Bonadonna [2012]; 3-de’Michieli
Vitture et al. [2015, 2016]; 4-Devenish [2013, 2016]; 5-Folch et al. [2015]; Macedonio et al.
[2016]; 6-Girault et al. [2014, 2016]; 7-Mastin [2007, 2014]; 8-Woodhouse et al. [2013]; 9Cerminara [2015]; 10-Herzog et al. [1998]; 11-Suzuki and Koyaguchi [2009]; Suzuki et al. [2016];
12-Cerminara [2015]; Cerminara et al. [2016]; 13-Esposti Ongaro et al. [2007]; Esposti Ongaro
and Cerminara [2016]
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Suzuki et al. [2016] performed a similar study using the four, three-dimensional models
tested by Costa et al. [2016]. This study followed the methods of Costa et al. [2016], but because
all of the models were in three-dimensions a more focused comparison of the maximum plume
height, neutral buoyancy level, and level of maximum radial spreading of the umbrella cloud could
be explored. In addition, they compared vertical profiles integrated through plume cross-sections
of eruption column properties [Fig. 2.36]. The models employ different numerical techniques
applied to assorted model environments, the results are qualitatively consistent but quantitatively
distinct [Suzuki et al., 2016].
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Figure 2.36. Model results for a strong eruption plume in a windless atmosphere (a). Plume
parameters, mass fraction of erupted material (b), density difference (c), temperature difference
(d), and upward velocity (e) are estimated using the SK-3D model. Available 3D model results of
the time-averaged mass fraction of erupted material is shown in cross-section for ATHAM (f), SK3D (g), ASHEE (h), and PDAC (i) models. Differences in model results and parameter distribution
indicate that appropriate model selection is essential for definition of erupted plume dynamics and
properties. Modified from Suzuki et al. [2016].
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The high frequency of volcanic plume occurrence coupled with the associated
socioeconomic risk has led to more comprehensive geophysical models of volcanic plume
properties and dynamics, when compared with modeling efforts in other fields of volcanology.
The studies of Costa et al. [2016] and Suzuki et al. [2016] provide additional model insight not
quantified by the individual statistical analysis of a particular model’s predictions or data residuals,
highlighting a need for similar studies in other fields of volcanic modeling. As computing and data
limits are addressed, developments in model complexity increases and the focused study of
specific, discrete processes occurring within or around a plume are possible. Multidisciplinary
efforts that combine measurements and supercomputing with analog experiments are also
becoming feasible and will provide more realistic constraints that can be used to forecast and
respond to eruption plumes in real time.
2.6 Volcanic model interpretation
The quantity of high-quality remotely sensed datasets from multiple geologic and
geophysical disciplines continues to increase. To most accurately define, model, and forecast
complex volcanic structures and dynamics the combination and integration of multidisciplinary
data in both time and space is essential. For many years computational restrictions impeded the
development of numerical models that integrated many diverse datasets and volcanic modeling
relied on simple analytic geometries and relationships for parameterization. However,
technological innovations now facilitate the development of numerical, multi-physics-based
models that are capable of harnessing the strength of extensive interdisciplinary datasets
[Aufaristama et al., 2019; Bonaccorso et al., 2011; Bonny et al., 2018; Calvari et al., 2018; Cannata
et al., 2018; Corradini et al., 2016; Currenti, 2018; Delle Donne et al., 2014; Dzurisin et al., 2009;
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Flower and Carn, 2015; Gregg et al., 2013, 2015, 2018; Hickey et al., 2013, 2015, 2016; Le Mével
et al., 2016; Zhan and Gregg, 2017; Zhan et al., 2017a, 2017b].
While the integration of multidisciplinary datasets for use in volcanic models has only
recently been developed, it is rapidly becoming a requirement. Improvements to the acquisition,
processing, and modeling techniques have provided complimentary tools for constraining and
evaluating volcanic model parameters defined from spaceborne geodetic and aerosol
measurements. Computational capabilities are now sophisticated enough to accommodate
numerical analysis of diverse, high resolution datasets, but with this comes the potential for
significant misuse and misinterpretation due to compounding data, model, and operator errors and
bias. It is now necessary to be proficient in data processing, geophysical modeling, and to have an
intimate understanding of the local rheologic and dynamic processes that can affect data and the
model regime. If the user understands the model but has not taken the time to consider the effects
of errors and limitations within the dataset, the results may be based on unrealistic or even
physically impossible values, such as deformation source pressure change estimates that far exceed
lithospheric bounds. Conversely, as modeling algorithms become more accessible, the risk that
these programs are used like “black boxes” increases, so that users do not need to understand the
assumptions and bias in a model and can simply apply it to a dataset of interest. For instance,
scientists who are skilled in data processing can now produce displacement estimates from analytic
deformation source models. Without fully comprehending the modeling assumptions or
geophysical implications inappropriate environment variables or parameter limits can be assigned.
The model may produce a best estimate given the range and values defined, but that may represent
a local minimum as the parameter space tested was limited by the operator. Interpretation of these
biased or uncertain models can then propagate through published literature and be misleading for
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future work. For these reasons, it is essential that modeling and data limitations, input parameters,
and bias be completely understood and plainly stated in publications, which has not always been
the practice, at least with regards to volcanic deformation modeling of geodetic data. Even though
volcanic modeling requires an extensive amount of work to attain intimate knowledge of the data,
geophysical process, and algorithms involved, interpretation of the results can provide significant
insight into the formation and evolution of magma storage within the Earth’s crust [Fig. 2.37]. The
only means with which to estimate properties and dynamics associated with volcanic plumbing
systems is through volcanic modeling as methods for directly sampling or observing a magma
chamber at depth are yet to be devised.
As the interest in and ability to create multi-physical interdisciplinary studies continues to
grow, it is important that scientists be capable of considering the limitations, assumptions, and bias
implicit in data, models, and themselves when interpreting model results. Thus, extensive
interdisciplinary study for an individual, or the collaboration of multiple specialists will be
essential for the assimilation and advancement of spaceborne data and multi-physical volcanic
models. Consequently, accelerating progress within these scientific fields and establishment of
global centers for collaboration have generated a wealth of exciting opportunities in the future of
volcanic modeling.
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Figure 2.37. Interpretations in both time and space for Piton de la Fournaise and Hakone Volcanoes
constructed from deformation source models constrained with remotely sensed geodetic data. The
effect of deformation source pressure change was investigated at Piton de la Fournaise using GPS
data (a). Deformation source models that are fit to InSAR data describe the evolution of the magma
and hydrothermal plumbing system at Hakone Volcano (b). Modified from Holohan et al. [2017]
and Kobayashi et al. [2018].
103

Acknowledgements
This research was ﬁnancially supported by NASA Earth and Space Science Fellowship
(NNX16AO26H), NASA Earth and Surface Interior Program (80-NSSC19K-0357) and the
Shuler-Foscue Endowment at Southern Methodist University.

104

REFERENCES

Albright, J. A., Gregg, P. M., Lu, Z., & Freymueller, J. T. (2019). Hindcasting magma reservoir
stability preceding the 2008 eruption of Okmok, Alaska. Geophysical Research Letters, 46(15),
8801-8808.
Aagaard, B., Williams, C., & Knepley, M. (2008). PyLith: A finite-element code for modeling
quasi-static and dynamic crustal deformation. Eos Trans. AGU, 89(53).
Abaqus, 2009. Version 6.9-EF. Dassault Systèmes Simulia Corp. Providence, RI.
www.simulia.com.
Agram, P.S., Jolivet, R., Riel, B., Lin, Y.N., Simons, M. and others (2013), New Radar
Interferometric Time Series Analysis Toolbox Released, EOS Transactions, 94, 7, 69-70.
Aiuppa, A., de Moor, J. M., Arellano, S., Coppola, D., Francofonte, V., Galle, B., ... & Tamburello,
G. (2018). Tracking formation of a lava lake from ground and space: Masaya volcano
(Nicaragua), 2014–2017. Geochemistry, Geophysics, Geosystems, 19(2), 496-515.
Ali, S. T. (2014). Defmod-Parallel multiphysics finite element code for modeling crustal
deformation during the earthquake/rifting cycle. arXiv preprint arXiv:1402.0429.
Amoruso, A., & Crescentini, L. (2009), Shape and volume change of pressurized ellipsoidal
cavities from deformation and seismic data. Journal of Geophysical Research: Solid Earth,
114(B2).
Anderson, K. R., & Poland, M. P. (2016). Bayesian estimation of magma supply, storage, and
eruption rates using a multiphysical volcano model: Kīlauea Volcano, 2000–2012. Earth and
Planetary Science Letters, 447, 161-171.
Anderson, K., & Segall, P. (2011), Physics‐based models of ground deformation and extrusion
rate at effusively erupting volcanoes. Journal of Geophysical Research: Solid Earth, 116(B7).

105

Anderson, K., & Segall, P. (2013), Bayesian inversion of data from effusive volcanic eruptions
using physics‐based models: Application to Mount St. Helens 2004–2008. Journal of
Geophysical Research: Solid Earth, 118(5), 2017-2037.
Aufaristama, M., Höskuldsson, Á., Jonsdottir, I., & Ólafsdóttir, R. (2016). Mapping and Assessing
Surface Morphology of Holocene Lava Field in Krafla (NE Iceland) Using Hyperspectral
Remote Sensing. In IOP Conference Series: Earth and Environmental Science (Vol. 29, No. 1,
p. 012002). IOP Publishing.
Aufaristama, M., Hoskuldsson, A., Jonsdottir, I., Ulfarsson, M., & Thordarson, T. (2018). New
insights for detecting and deriving thermal properties of lava flow using infrared satellite during
2014–2015 effusive eruption at holuhraun, iceland. Remote Sensing, 10(1), 151.
Aufaristama, M., Hoskuldsson, A., Jonsdottir, I., Ulfarsson, M. O., Erlangga, I. G. D., &
Thordarson, T. (2019). Thermal model of lava in Mt. Agung during December 2017 episodes
derived from Integrated SENTINEL 2A and ASTER remote sensing datasets. In IOP
Conference Series: Earth and Environmental Science (Vol. 311, No. 1, p. 012016). IOP
Publishing.
Bagnardi, M., & Hooper, A. (2018). Inversion of surface deformation data for rapid estimates of
source parameters and uncertainties: A Bayesian approach. Geochemistry, Geophysics,
Geosystems, 19(7), 2194-2211.
Banerjee, S., Carlin, B. P., & Gelfand, A. E. (2014). Hierarchical modeling and analysis for spatial
data. Chapman and Hall/CRC.
Barnhart, W. D., & Lohman, R. B. (2013). Characterizing and estimating noise in InSAR and
InSAR time series with MODIS. Geochemistry, Geophysics, Geosystems, 14(10), 4121-4132.
Bato, M. G., Pinel, V., & Yan, Y. (2017). Assimilation of Deformation Data for Eruption
Forecasting: Potentiality Assessment Based on Synthetic Cases. Frontiers in Earth Science, 5,
48.
Bato, M. G., Pinel, V., Yan, Y., Jouanne, F., & Vandemeulebrouck, J. (2018). Possible deep
connection between volcanic systems evidenced by sequential assimilation of geodetic data.
Scientific reports, 8(1), 11702.
Battaglia, M., Cervelli, P. F., & Murray, J. R. (2013). dMODELS: A MATLAB software package
for modeling crustal deformation near active faults and volcanic centers. Journal of
Volcanology and Geothermal Research, 254, 1-4.
106

Berardino, P., Fornaro, G., Lanari, R., & Sansosti, E. (2002). A new algorithm for surface
deformation monitoring based on small baseline differential SAR interferograms. IEEE
Transactions on geoscience and remote sensing, 40(11), 2375-2383.
Biggs, J., Lu, Z., Fournier, T., & Freymueller, J. T. (2010). Magma flux at Okmok Volcano,
Alaska, from a joint inversion of continuous GPS, campaign GPS, and interferometric synthetic
aperture radar. Journal of Geophysical Research: Solid Earth, 115(B12).
Biggs, J., Ebmeier, S. K., Aspinall, W. P., Lu, Z., Pritchard, M. E., Sparks, R. S. J., & Mather, T.
A. (2014). Global link between deformation and volcanic eruption quantified by satellite
imagery. Nature communications, 5, 3471.
Bini, G., Chiodini, G., Cardellini, C., Vougioukalakis, G. E., & Bachmann, O. (2019). Diffuse
emission of CO2 and convective heat release at Nisyros caldera (Greece). Journal of
Volcanology and Geothermal Research, 376, 44-53.
Blake, S., & Cortés, J. A. (2018). Forecasting deflation, intrusion and eruption at inflating
volcanoes. Earth and Planetary Science Letters, 481, 246-254.
Bonaccorso, A., Gambino, S., Guglielmino, F., Mattia, M., Puglisi, G., & Boschi, E. (2008).
Stromboli 2007 eruption: Deflation modeling to infer shallow‐intermediate plumbing system.
Geophysical Research Letters, 35(6).
Bonaccorso, A., Bonforte, A., Gambino, S., Mattia, M., Guglielmino, F., Puglisi, G., & Boschi, E.
(2009). Insight on recent Stromboli eruption inferred from terrestrial and satellite ground
deformation measurements. Journal of Volcanology and Geothermal Research, 182(3-4), 172181.
Bonaccorso, A., Bonforte, A., Currenti, G., Del Negro, C., Di Stefano, A., & Greco, F. (2011).
Magma storage, eruptive activity and flank instability: inferences from ground deformation and
gravity changes during the 1993–2000 recharging of Mt. Etna volcano. Journal of Volcanology
and Geothermal Research, 200(3-4), 245-254.
Bonny, E., Thordarson, T., Wright, R., Höskuldsson, A., & Jónsdóttir, I. (2018). The Volume of
Lava Erupted During the 2014 to 2015 Eruption at Holuhraun, Iceland: A Comparison Between
Satellite‐and Ground‐Based Measurements. Journal of Geophysical Research: Solid Earth,
123(7), 5412-5426.
Brocher, T. M. (2005). Empirical relations between elastic wavespeeds and density in the Earth's
crust. Bulletin of the seismological Society of America, 95(6), 2081-2092.
107

Brothelande, E., Finizola, A., Peltier, A., Delcher, E., Komorowski, J. C., Di Gangi, F., ... &
Legendre, Y. (2014). Fluid circulation pattern inside La Soufrière volcano (Guadeloupe)
inferred from combined electrical resistivity tomography, self-potential, soil temperature and
diffuse degassing measurements. Journal of Volcanology and Geothermal Research, 288, 105122.
Brothelande, É., Lénat, J. F., Chaput, M., Gailler, L., Finizola, A., Dumont, S., ... & Menny, P.
(2016). Structure and evolution of an active resurgent dome evidenced by geophysical
investigations: The Yenkahe dome-Yasur volcano system (Siwi caldera, Vanuatu). Journal of
volcanology and geothermal research, 322, 241-262.
Brothelande, E., Amelung, F., Yunjun, Z., & Wdowinski, S. (2018). Geodetic evidence for
interconnectivity between Aira and Kirishima magmatic systems, Japan. Scientific reports,
8(1), 9811.
Burchardt, S., & Galland, O. (2016). Studying Volcanic Plumbing Systems–Multidisciplinary
Approaches to a Multifaceted Problem. Updates in Volcanology, From Volcano Modelling to
Volcano Geol ogy: Karoly Nemeth, London, UK, IntechOpen Limited, 23-53.
Bursik, M. I., & Woods, A. W. (1996). The dynamics and thermodynamics of large ash flows.
Bulletin of Volcanology, 58(2-3), 175-193.
Bursik, M. I., Kobs, S. E., Burns, A., Braitseva, O. A., Bazanova, L. I., Melekestsev, I. V., ... &
Pieri, D. C. (2009). Volcanic plumes and wind: Jetstream interaction examples and implications
for air traffic. Journal of Volcanology and Geothermal Research, 186(1-2), 60-67.
Burton, M., Allard, P., Muré, F., & La Spina, A. (2007). Magmatic gas composition reveals the
source depth of slug-driven Strombolian explosive activity. Science, 317(5835), 227-230.
Cabaniss, H. E., Gregg, P. M., & Grosfils, E. B. (2018). The role of tectonic stress in triggering
large silicic caldera eruptions. Geophysical Research Letters, 45(9), 3889-3895.
Calvari, S., Ganci, G., Victória, S., Hernandez, P., Perez, N., Barrancos, J., ... & Fernandes, P.
(2018). Satellite and Ground Remote Sensing Techniques to Trace the Hidden Growth of a
Lava Flow Field: The 2014–2015 Effusive Eruption at Fogo Volcano (Cape Verde). Remote
Sensing, 10(7), 1115.

108

Cannata, A., Di Grazia, G., Giuffrida, M., Gresta, S., Palano, M., Sciotto, M., ... & Zuccarello, F.
(2018). Space‐Time Evolution of Magma Storage and Transfer at Mt. Etna Volcano (Italy): The
2015–2016 Reawakening of Voragine Crater. Geochemistry, Geophysics, Geosystems, 19(2),
471-495.
Cannavò, F. (2019). A new user-friendly tool for rapid modelling of ground deformation.
Computers & Geosciences, 128, 60-69.
Cannavò, F., Camacho, A. G., González, P. J., Mattia, M., Puglisi, G., & Fernández, J. (2015).
Real time tracking of magmatic intrusions by means of ground deformation modeling during
volcanic crises. Scientific reports, 5, 10970.
Cao, Z., Patra, A., Bursik, M., Pitman, E. B., & Jones, M. (2018). Plume-SPH 1.0: a threedimensional, dusty-gas volcanic plume model based on smoothed particle hydrodynamics.
Geoscientific Model Development, 11(7), 2691-2715.
Cappello, A., Hérault, A., Bilotta, G., Ganci, G., & Del Negro, C. (2016). MAGFLOW: a physicsbased model for the dynamics of lava-flow emplacement. Geological Society, London, Special
Publications, 426(1), 357-373.
Carcano, S., Bonaventura, L., Esposti Ongaro, T., & Neri, A. (2013). A semi-implicit, secondorder-accurate numerical model for multiphase underexpanded volcanic jets. Geoscientific
Model Development, 6(6), 1905-1924.
Carey, S., & Bursik, M. (2015). Volcanic plumes. In The Encyclopedia of Volcanoes (pp. 571585). Academic Press.
Caricchi, L., Biggs, J., Annen, C., & Ebmeier, S. (2014). The influence of cooling, crystallisation
and re-melting on the interpretation of geodetic signals in volcanic systems. Earth and Planetary
Science Letters, 388, 166-174.
Cerminara, M., Ongaro, T. E., & Berselli, L. C. (2015). ASHEE: a compressible, equilibriumEulerian model for volcanic ash plumes. arXiv preprint arXiv:1509.00093.
Champenois, J., Pinel, V., Baize, S., Audin, L., Jomard, H., Hooper, A., ... & Yepes, H. (2014).
Large‐scale inflation of Tungurahua volcano (Ecuador) revealed by Persistent Scatterers SAR
interferometry. Geophysical Research Letters, 41(16), 5821-5828.

109

Charco, M., & Galán del Sastre, P. (2014). Efficient inversion of three-dimensional finite element
models of volcano deformation. Geophysical Journal International, 196(3), 1441-1454.
Chaussard, E., Amelung, F., & Aoki, Y. (2013). Characterization of open and closed volcanic
systems in Indonesia and Mexico using InSAR time series. Journal of Geophysical Research:
Solid Earth, 118(8), 3957-3969.
Chaussard, E. (2016). Subsidence in the Parícutin lava field: Causes and implications for
interpretation of deformation fields at volcanoes. Journal of Volcanology and Geothermal
Research, 320, 1-11.
Chevrel, M. O., Labroquère, J., Harris, A. J., & Rowland, S. K. (2018). PyFLOWGO: An opensource platform for simulation of channelized lava thermo-rheological properties. Computers
& Geosciences, 111, 167-180.
Chiodini, G., Paonita, A., Aiuppa, A., Costa, A., Caliro, S., De Martino, P., ... &
Vandemeulebrouck, J. (2016). Magmas near the critical degassing pressure drive volcanic
unrest towards a critical state. Nature communications, 7, 13712.
Chouet, B., Saccorotti, G., Dawson, P., Martini, M., Scarpa, R., De Luca, G., ... & Cattaneo, M.
(1999). Broadband measurements of the sources of explosions at Stromboli Volcano, Italy.
Geophysical Research Letters, 26(13), 1937-1940.
Coppola, D., Laiolo, M., Piscopo, D., & Cigolini, C. (2013). Rheological control on the radiant
density of active lava flows and domes. Journal of Volcanology and Geothermal Research, 249,
39-48.
Coppola, D., Laiolo, M., Cigolini, C., Delle Donne, D., & Ripepe, M. (2016a). Enhanced volcanic
hot-spot detection using MODIS IR data: results from the MIROVA system. Geological
Society, London, Special Publications, 426(1), 181-205.
Coppola, D., Laiolo, M., & Cigolini, C. (2016b). Fifteen years of thermal activity at Vanuatu's
volcanoes (2000–2015) revealed by MIROVA. Journal of Volcanology and Geothermal
Research, 322, 6-19.
Coppola, D., Barsotti, S., Cigolini, C., Laiolo, M., Pfeffer, M. A., & Ripepe, M. (2019). Monitoring
the time-averaged discharge rates, volumes and emplacement style of large lava flows by using
MIROVA system: the case of the 2014-2015 eruption at Holuhraun (Iceland). Annals of
Geophysics, 61, 52.
110

Corradini, S., Montopoli, M., Guerrieri, L., Ricci, M., Scollo, S., Merucci, L., ... & Grainger, R.
(2016). A multi-sensor approach for volcanic ash cloud retrieval and eruption characterization:
The 23 November 2013 Etna lava fountain. Remote Sensing, 8(1), 58.
Corradino, C., Ganci, G., Cappello, A., Bilotta, G., Hérault, A., & Del Negro, C. (2019). Mapping
Recent Lava Flows at Mount Etna Using Multispectral Sentinel-2 Images and Machine
Learning Techniques. Remote Sensing, 11(16), 1916.
Costa, A., Suzuki, Y. J., & Koyaguchi, T. (2018). Understanding the plume dynamics of explosive
super-eruptions. Nature communications, 9(1), 654.
Cressie, N., and Hawkins, D. M. (1980). “Robust Estimation of the Variogram: I.” Mathematical
Geology 12:115–125.
Currenti, G. (2018). Viscoelastic modeling of deformation and gravity changes induced by
pressurized magmatic sources. Journal of Volcanology and Geothermal Research, 356, 264277.
Currenti, G., Bonaccorso, A., Del Negro, C., Scandura, D., & Boschi, E. (2010). Elasto-plastic
modeling of volcano ground deformation. Earth and Planetary Science Letters, 296(3-4), 311318.
Dade, W. B., & Huppert, H. E. (1995). A box model for non‐entraining, suspension‐driven gravity
surges on horizontal surfaces. Sedimentology, 42(3), 453-470.
Davies, A. G., Calkins, J., Scharenbroich, L., Vaughan, R. G., Wright, R., Kyle, P., ... & Tran, D.
(2008). Multi-instrument remote and in situ observations of the Erebus Volcano (Antarctica)
lava lake in 2005: A comparison with the Pele lava lake on the jovian moon Io. Journal of
Volcanology and Geothermal Research, 177(3), 705-724.
de Silva, S. L., & Gregg, P. M. (2014). Thermomechanical feedbacks in magmatic systems:
Implications for growth, longevity, and evolution of large caldera-forming magma reservoirs
and their supereruptions. Journal of Volcanology and Geothermal Research, 282, 77-91.
DeGrandpre, K., Wang, T., Lu, Z., & Freymueller, J. T. (2017). Episodic inflation and complex
surface deformation of Akutan volcano, Alaska revealed from GPS time-series. Journal of
Volcanology and Geothermal Research, 347, 337-359.

111

DeGrandpre, K. G., Pesicek, J. D., Lu, Z., DeShon, H. R., & Roman, D. C., 2019. High rates of
inflation during a noneruptive episode of seismic unrest at Semisopochnoi Volcano, Alaska in
2014–2015.
Geochemistry,
Geophysics,
Geosystems,
20.
https://doi.org/10.1029/2019GC008720
Degruyter, W., & Huber, C. (2014). A model for eruption frequency of upper crustal silicic magma
chambers. Earth and Planetary Science Letters, 403, 117-130.
Delaney, P. T., McTigue, D. F., McPhie, J., Walker, G. P. L., & Christiansen, R. L. (2018).
Eruption crisis at Kilauea Caldera (Big Island of Hawaii, USA). Bulletin of Volcanology, 80,
66.
Delgado, F., Pritchard, M., Lohman, R., & Naranjo, J. A. (2014). The 2011 Hudson volcano
eruption (Southern Andes, Chile): Pre-eruptive inflation and hotspots observed with InSAR and
thermal imagery. Bulletin of Volcanology, 76(5), 815.
Delle Donne, D., Ripepe, M., De Angelis, S., Cole, P. D., Lacanna, G., Poggi, P., & Stewart, R.
(2014). Thermal, acoustic and seismic signals from pyroclastic density currents and Vulcanian
explosions at Soufrière Hills Volcano, Montserrat. Geological Society, London, Memoirs,
39(1), 169-178.
Delmelle, P., Baxter, P., Beaulieu, A., Burton, M., Francis, P., Garcia‐Alvarez, J., ... & Rymer, H.
(1999). Origin, effects of Masaya volcano's continued unrest probed in Nicaragua. Eos,
Transactions American Geophysical Union, 80(48), 575-581.
de'Michieli Vitturi, M., Neri, A., & Barsotti, S. (2015). PLUME-MoM 1.0: A new integral model
of volcanic plumes based on the method of moments. Geoscientific Model Development, 8(8),
2447-2463.
Dieterich, J. H., & Decker, R. W. (1975). Finite element modeling of surface deformation
associated with volcanism. Journal of Geophysical Research, 80(29), 4094-4102.
Doin, M. P., Lasserre, C., Peltzer, G., Cavalié, O., & Doubre, C. (2009). Corrections of stratified
tropospheric delays in SAR interferometry: Validation with global atmospheric models. Journal
of Applied Geophysics, 69(1), 35-50.
Dufek, J., & Bergantz, G. W. (2007). Suspended load and bed-load transport of particle-laden
gravity currents: the role of particle–bed interaction. Theoretical and Computational Fluid
Dynamics, 21(2), 119-145.
112

Dufek, J., Ongaro, T. E., & Roche, O. (2015). Pyroclastic density currents: processes and models.
In The encyclopedia of volcanoes (pp. 617-629). Academic Press.
Dzurisin, D. (2003). A comprehensive approach to monitoring volcano deformation as a window
on the eruption cycle. Reviews of Geophysics, 41(1).
Dzurisin, D. (2006), Volcano deformation: new geodetic monitoring techniques. Springer Science
& Business Media.
Dzurisin, D., Lisowski, M. & C.W. Wicks (2009), Continuing inflation at Three Sisters volcanic
center, central Oregon Cascade Range, USA, from GPS, leveling, and InSAR observations.
Bull. of Volcanol., 71(10), pp.1091-1110.
Dzurisin, D., Lu, Z., Poland, M. P., & Wicks Jr, C. W. (2019). Space-Based Imaging Radar Studies
of US Volcanoes. Frontiers in Earth Science, 6, 1-15.
Ebmeier, S. K., Biggs, J., Mather, T. A., Elliott, J. R., Wadge, G., & Amelung, F. (2012).
Measuring large topographic change with InSAR: Lava thicknesses, extrusion rate and
subsidence rate at Santiaguito volcano, Guatemala. Earth and Planetary Science Letters, 335,
216-225.
Ebmeier, S. K., Andrews, B. J., Araya, M. C., Arnold, D. W. D., Biggs, J., Cooper, C., ... & Lloyd,
R. (2018). Synthesis of global satellite observations of magmatic and volcanic deformation:
implications for volcano monitoring & the lateral extent of magmatic domains. Journal of
Applied Volcanology, 7(1), 2.
Elliott, J. R., Biggs, J., Parsons, B., & Wright, T. J. (2008). InSAR slip rate determination on the
Altyn Tagh Fault, northern Tibet, in the presence of topographically correlated atmospheric
delays. Geophysical Research Letters, 35(12).
Fernández, J., Pepe, A., Poland, M. P., & Sigmundsson, F. (2017). Volcano Geodesy: Recent
developments and future challenges. Journal of Volcanology and Geothermal Research, 344,
1-12.
Ferretti, A., Prati, C., and Rocca, F. (2001), Permanent Scatterers in SAR Interferometry. IEEE
Transactions on Geoscience and Remote Sensing, 39, 8-20.

113

Fialko, Y., Khazan, Y., & Simons, M. (2001). Deformation due to a pressurized horizontal circular
crack in an elastic half-space, with applications to volcano geodesy. Geophysical Journal
International, 146(1), 181-190.
Finnegan, D. A. (2008). The spatial turn: geographical approaches in the history of science. Journal
of the History of Biology, 41(2), 369-388.
Flower, V. J., & Carn, S. A. (2015). Characterising volcanic cycles at Soufriere Hills Volcano,
Montserrat: Time series analysis of multi-parameter satellite data. Journal of Volcanology and
Geothermal Research, 304, 82-93.
Flower, V. J., & Kahn, R. A. (2018). Karymsky volcano eruptive plume properties based on MISR
multi-angle imagery and the volcanological implications. Atmospheric chemistry and physics,
18(6), 3903-3918.
Folch, A., Costa, A., & Macedonio, G. (2016). FPLUME-1.0: An integral volcanic plume model
accounting for ash aggregation. Geoscientific Model Development, 9, 431-450.
Foster, J., Brooks, B., Cherubini, T., Shacat, C., Businger, S., & Werner, C. L. (2006). Mitigating
atmospheric noise for InSAR using a high resolution weather model. Geophysical Research
Letters, 33(16).
Fournier, R. O. (2007). Hydrothermal systems and volcano geochemistry. In Volcano deformation
(pp. 323-341). Springer, Berlin, Heidelberg.
Fournier, T., Freymueller, J., & Cervelli, P. (2009), Tracking magma volume recovery at Okmok
volcano using GPS and an unscented Kalman filter. Journal of Geophysical Research: Solid
Earth, 114(B2).
Francis, P., & Rothery, D. (2000). Remote sensing of active volcanoes. Annual Review of Earth
and Planetary Sciences, 28(1), 81-106.
Freymueller, J. T., & Kaufman, A. M. (2010), Changes in the magma system during the 2008
eruption of Okmok volcano, Alaska, based on GPS measurements. Journal of Geophysical
Research: Solid Earth, 115(B12).
Furuya, M. (2005). Quasi-static thermoelastic deformation in an elastic half-space: theory and
application to InSAR observations at Izu-Oshima volcano, Japan. Geophysical Journal
International, 161(1), 230-242.
114

Furuya, M., Okubo, S., Sun, W., Tanaka, Y., Oikawa, J., Watanabe, H., & Maekawa, T. (2003).
Spatiotemporal gravity changes at Miyakejima Volcano, Japan: Caldera collapse, explosive
eruptions and magma movement. Journal of Geophysical Research: Solid Earth, 108(B4).
González, P. J., Bagnardi, M., Hooper, A. J., Larsen, Y., Marinkovic, P., Samsonov, S. V., &
Wright, T. J. (2015). The 2014–2015 eruption of Fogo volcano: Geodetic modeling of Sentinel‐
1 TOPS interferometry. Geophysical research letters, 42(21), 9239-9246.
Gottsmann, J., & Odbert, H. (2014). The effects of thermomechanical heterogeneities in island arc
crust on time‐dependent preeruptive stresses and the failure of an andesitic reservoir. Journal
of Geophysical Research: Solid Earth, 119(6), 4626-4639.
Grainger, R. G., Peters, D. M., Thomas, G. E., Smith, A. J. A., Siddans, R., Carboni, E., & Dudhia,
A. (2013). Measuring volcanic plume and ash properties from space. Geological Society,
London, Special Publications, 380(1), 293-320.
Grapenthin, R., Ófeigsson, B. G., Sigmundsson, F., Sturkell, E., & Hooper, A. (2010). Pressure
sources versus surface loads: Analyzing volcano deformation signal composition with an
application to Hekla volcano, Iceland. Geophysical Research Letters, 37(20).
Gregg, P. M., De Silva, S. L., Grosfils, E. B., & Parmigiani, J. P. (2012). Catastrophic calderaforming eruptions: Thermomechanics and implications for eruption triggering and maximum
caldera dimensions on Earth. Journal of Volcanology and Geothermal Research, 241, 1-12.
Gregg, P. M., De Silva, S. L., & Grosfils, E. B. (2013). Thermomechanics of shallow magma
chamber pressurization: Implications for the assessment of ground deformation data at active
volcanoes. Earth and Planetary Science Letters, 384, 100-108.
Gregg, P. M., Grosfils, E. B., & de Silva, S. L. (2015). Catastrophic caldera-forming eruptions II:
The subordinate role of magma buoyancy as an eruption trigger. Journal of Volcanology and
Geothermal Research, 305, 100-113.
Gregg, P. M., Le Mével, H., Zhan, Y., Dufek, J., Geist, D., & Chadwick Jr, W. W. (2018). Stress
triggering of the 2005 eruption of Sierra Negra volcano, Galápagos. Geophysical Research
Letters, 45(24), 13-288.
Gudmundsson, A. (2012). Magma chambers: Formation, local stresses, excess pressures, and
compartments. Journal of Volcanology and Geothermal Research, 237, 19-41.

115

Harris, A. J. (2008). Modeling lava lake heat loss, rheology, and convection. Geophysical Research
Letters, 35(7).
Harris, A. (2013). Thermal remote sensing of active volcanoes: a user's manual. Cambridge
university press.
Harris, A. J., & Rowland, S. (2001). FLOWGO: a kinematic thermo-rheological model for lava
flowing in a channel. Bulletin of Volcanology, 63(1), 20-44.
Harris, A. J. L., Flynn, L. P., Matías, O., & Rose, W. I. (2002). The thermal stealth flows of
Santiaguito dome, Guatemala: Implications for the cooling and emplacement of dacitic blocklava flows. Geological Society of America Bulletin, 114(5), 533-546.
Harris, A. J., & Rowland, S. K. (2015). FLOWGO 2012: an updated framework for
thermorheological simulations of channel-contained lava. Hawaiian Volcanoes: From Source
to Surface, Geophysical Monograph Series, 208, 457-481.
Harris, A. J., Rhéty, M., Gurioli, L., Villeneuve, N., & Paris, R. (2016). Simulating the
thermorheological evolution of channel-contained lava: FLOWGO and its implementation in
EXCEL. Geological Society, London, Special Publications, 426(1), 313-336.
Hautmann, S., Sacks, I. S., Linde, A. T., & Roberts, M. J. (2017). Magma buoyancy and volatile
ascent driving autocyclic eruptivity at Hekla Volcano (Iceland). Geochemistry, Geophysics,
Geosystems, 18(9), 3517-3529.
Henderson, S. T., & Pritchard, M. E. (2013). Decadal volcanic deformation in the Central Andes
Volcanic Zone revealed by InSAR time series. Geochemistry, Geophysics, Geosystems, 14(5),
1358-1374.
Herault, A., Vicari, A., Ciraudo, A., & Del Negro, C. (2009). Forecasting lava flow hazards during
the 2006 Etna eruption: using the MAGFLOW cellular automata model. Computers &
Geosciences, 35(5), 1050-1060.
Herzog, M., & Graf, H. F. (2010). Applying the three‐dimensional model ATHAM to volcanic
plumes: Dynamic of large co‐ignimbrite eruptions and associated injection heights for volcanic
gases. Geophysical Research Letters, 37(19).

116

Herzog, M., Oberhuber, J. M., & Graf, H. F. (2003). A prognostic turbulence scheme for the
nonhydrostatic plume model ATHAM. Journal of the Atmospheric Sciences, 60(22), 27832796.
Hickey, J., & Gottsmann, J. (2014). Benchmarking and developing numerical Finite Element
models of volcanic deformation. Journal of Volcanology and Geothermal Research, 280, 126130.
Hickey, J., Gottsmann, J., & del Potro, R. (2013). The large‐scale surface uplift in the Altiplano‐
Puna region of Bolivia: A parametric study of source characteristics and crustal rheology using
finite element analysis. Geochemistry, Geophysics, Geosystems, 14(3), 540-555.
Hickey, J., Gottsmann, J., & Mothes, P. (2015). Estimating volcanic deformation source
parameters with a finite element inversion: the 2001–2002 unrest at Cotopaxi volcano, Ecuador.
Journal of Geophysical Research: Solid Earth, 120(3), 1473-1486.
Hickey, J., Gottsmann, J., Nakamichi, H., & Iguchi, M. (2016). Thermomechanical controls on
magma supply and volcanic deformation: application to Aira caldera, Japan. Scientific reports,
6, 32691.
Hill, D. P. (2017). Long Valley Caldera-Mammoth Mountain Unrest: The Knowns and The
Unknowns. Elements, 13(1), p 8-9.
Holohan, E. P., Sudhaus, H., Walter, T. R., Schöpfer, M. P., & Walsh, J. J. (2017). Effects of hostrock fracturing on elastic-deformation source models of volcano deflation. Scientific reports,
7(1), 10970.
Hooper, A., Zebker, H., Segall, P., & Kampes, B. (2004). A new method for measuring
deformation on volcanoes and other natural terrains using InSAR persistent scatterers.
Geophysical research letters, 31(23).
Huppert, H. E., & Woods, A. W. (2002). The role of volatiles in magma chamber
dynamics. Nature, 420(6915), 493.
Hyvärinen, A., & Oja, E. (2000). Independent component analysis: algorithms and applications.
Neural networks, 13(4-5), 411-430.
Ji, K. H., & Herring, T. A. (2011). Transient signal detection using GPS measurements: Transient
inflation at Akutan volcano, Alaska, during early 2008. Geophysical Research Letters, 38(6).
117

Ji, K. H., Yun, S. H., & Rim, H. (2017). Episodic inflation events at Akutan Volcano, Alaska,
during 2005–2017. Geophysical Research Letters, 44(16), 8268-8275.
Ji, L., Izbekov, P., Senyukov, S., & Lu, Z. (2018), Deformation patterns, magma supply, and
magma storage at Karymsky Volcanic Center, Kamchatka, Russia, 2000–2010, revealed by
InSAR. Journal of Volcanology and Geothermal Research, 352, 106-116.
Jian, X., Olea, R. A., & Yu, Y. S. (1996). Semivariogram modeling by weighted least squares.
Computers & Geosciences, 22(4), 387-397.
Jones, A., Thomson, D., Hort, M., & Devenish, B. (2007). The UK Met Office's next-generation
atmospheric dispersion model, NAME III. In Air pollution modeling and its application XVII
(pp. 580-589). Springer, Boston, MA.
Jónsson, S., Zebker, H., Segall, P., & Amelung, F. (2002). Fault slip distribution of the 1999 M w
7.1 Hector Mine, California, earthquake, estimated from satellite radar and GPS measurements.
Bulletin of the Seismological Society of America, 92(4), 1377-1389.
Kazama, T., Okubo, S., Sugano, T., Matsumoto, S., Sun, W., Tanaka, Y., & Koyama, E. (2015).
Absolute gravity change associated with magma mass movement in the conduit of Asama
Volcano (Central Japan), revealed by physical modeling of hydrological gravity disturbances.
Journal of Geophysical Research: Solid Earth, 120(2), 1263-1287.
Kilbride, B. M., Edmonds, M., & Biggs, J. (2016). Observing eruptions of gas-rich compressible
magmas from space. Nature communications, 7, 13744.
Kilburn, C. R. (2018). Forecasting volcanic eruptions: beyond the Failure Forecast Method.
Frontiers in Earth Science, 6.
Kinoshita, Y., Furuya, M., Hobiger, T., & Ichikawa, R. (2013). Are numerical weather model
outputs helpful to reduce tropospheric delay signals in InSAR data?. Journal of Geodesy, 87(3),
267-277.
Kobayashi, T., Morishita, Y., & Munekane, H. (2018). First detection of precursory ground
inflation of a small phreatic eruption by InSAR. Earth and Planetary Science Letters, 491, 244254.
Kositsky, A. P., & Avouac, J. P. (2010). Inverting geodetic time series with a principal component
analysis‐based inversion method. Journal of Geophysical Research: Solid Earth, 115(B3).
118

Landi, P., Metrich, N., Bertagnini, A., & Rosi, M. (2004). Dynamics of magma mixing and
degassing recorded in plagioclase at Stromboli (Aeolian Archipelago, Italy). Contributions to
Mineralogy and Petrology, 147(2), 213-227.
Laiolo, M., Coppola, D., Barahona, F., Benítez, J. E., Cigolini, C., Escobar, D., ... & Montalvo, F.
(2017). Evidences of volcanic unrest on high-temperature fumaroles by satellite thermal
monitoring: The case of Santa Ana volcano, El Salvador. Journal of Volcanology and
Geothermal Research, 340, 170-179.
Lanari, R., Mora, O., Manunta, M., Mallorquí, J. J., Berardino, P., & Sansosti, E. (2004). A smallbaseline approach for investigating deformations on full-resolution differential SAR
interferograms. IEEE Transactions on Geoscience and Remote Sensing, 42(7), 1377-1386.
Larsen, J., Neal, C., Webley, P., Freymueller, J., Haney, M., McNutt, S., ... & Wessels, R. (2009).
Eruption of Alaska volcano breaks historic pattern. Eos, Transactions American Geophysical
Union, 90(20), 173-174.
Larsen, J. F., Śliwiński, M. G., Nye, C., Cameron, C., & Schaefer, J. R. (2013). The 2008 eruption
of Okmok Volcano, Alaska: Petrological and geochemical constraints on the subsurface magma
plumbing system. Journal of Volcanology and Geothermal Research, 264, 85-106.
Larson, K. M., Cervelli, P., Lisowski, M., Miklius, A., Segall, P., & Owen, S. (2001). Volcano
monitoring using the Global Positioning System: filtering strategies. Journal of Geophysical
Research: Solid Earth, 106(B9), 19453-19464.
Larson, K. M., Poland, M., & Miklius, A. (2010). Volcano monitoring using GPS: Developing
data analysis strategies based on the June 2007 Kīlauea Volcano intrusion and eruption. Journal
of Geophysical Research: Solid Earth, 115(B7).
Le Mével, H., Feigl, K. L., Córdova, L., DeMets, C., & Lundgren, P. (2015). Evolution of unrest
at Laguna del Maule volcanic field (Chile) from InSAR and GPS measurements, 2003 to
2014. Geophysical Research Letters, 42(16), 6590-6598.
Le Mével, H., Gregg, P. M., & Feigl, K. L. (2016). Magma injection into a long‐lived reservoir to
explain geodetically measured uplift: Application to the 2007–2014 unrest episode at Laguna
del Maule volcanic field, Chile. Journal of Geophysical Research: Solid Earth, 121(8), 60926108.

119

Lee, C. W., Lu, Z., Jung, H. S., Won, J. S., and D. Dzurisin (2006), Surface deformation of
Augustine Volcano, 1992–2005, from multiple-interferogram processing using a refined small
baseline subset (SBAS) interferometric synthetic aperture radar (InSAR) approach. The, 453465.
Lee, C. W., Lu, Z., Won, J. S., Jung, H. S., and D. Dzurisin (2013), Dynamic deformation of
Seguam Island, Alaska, 1992–2008, from multi-interferogram InSAR processing. Journal of
Volcanology and Geothermal Research, 260, 43-51.
Lee, S. W., Yun, S. H., Kim, D. H., Lee, D., Lee, Y. J., & Schutz, B. E. (2015). Real‐time volcano
monitoring using GNSS single‐frequency receivers. Journal of Geophysical Research: Solid
Earth, 120(12), 8551-8569.
Li, J. D., Rude, C. M., Blair, D. M., Gowanlock, M. G., Herring, T. A., & Pankratius, V. (2016).
Computer aided detection of transient inflation events at Alaskan volcanoes using GPS
measurements from 2005–2015. Journal of Volcanology and Geothermal Research, 327, 634642.
Lin, K. C., Hu, J. C., Ching, K. E., Angelier, J., Rau, R. J., Yu, S. B., ... & Huang, M. H. (2010).
GPS crustal deformation, strain rate, and seismic activity after the 1999 Chi‐Chi earthquake in
Taiwan. Journal of Geophysical Research: Solid Earth, 115(B7).
Lisowski, M. (2007). Analytical volcano deformation source models. In Volcano deformation (pp.
279-304). Springer, Berlin, Heidelberg.
Löfgren, J. S., Björndahl, F., Moore, A. W., Webb, F. H., Fielding, E. J., & Fishbein, E. F. (2010,
July). Tropospheric correction for InSAR using interpolated ECMWF data and GPS zenith total
delay from the Southern California integrated GPS network. In 2010 IEEE International
Geoscience and Remote Sensing Symposium (pp. 4503-4506). IEEE.
Lohman, R. B., & Simons, M. (2005). Some thoughts on the use of InSAR data to constrain models
of surface deformation: Noise structure and data downsampling. Geochemistry, Geophysics,
Geosystems, 6(1).
Long, S. M., & Grosfils, E. B. (2009). Modeling the effect of layered volcanic material on magma
reservoir failure and associated deformation, with application to Long Valley caldera,
California. Journal of Volcanology and Geothermal Research, 186(3-4), 349-360.

120

Lu, Z., & D. Dzurisin (2010), Ground surface deformation patterns, magma supply, and magma
storage at Okmok volcano, Alaska, from InSAR analysis: 2. Coeruptive deflation, July–August
2008. Journal of Geophysical Research: Solid Earth, 115(B5).
Lu, Z., & D. Dzurisin (2014), InSAR imaging of Aleutian volcanoes: Monitoring a volcanic arc
from space,411 pp., Springer, New York.
Lu, Z., Masterlark, T., Power, J., Dzurisin, D., & Wicks, C. (2002). Subsidence at Kiska volcano,
western Aleutians, detected by satellite radar interferometry. Geophysical Research Letters,
29(18).
Lu, Z., Masterlark, T., Dzurisin, D., Rykhus, R. and C. Wicks (2003a), Magma supply dynamics
at Westdahl volcano, Alaska, modeled from satellite radar interferometry. Journal of
Geophysical Research: Solid Earth, 108(B7).
Lu, Z., Fielding, E., Patrick, M. R., & Trautwein, C. M. (2003b), Estimating lava volume by
precision combination of multiple baseline spaceborne and airborne interferometric synthetic
aperture radar: The 1997 eruption of Okmok volcano, Alaska. IEEE Transactions on
Geoscience and Remote Sensing, 41(6), 1428-1436.
Lu, Z., Masterlark, T., & Dzurisin, D. (2005a), Interferometric synthetic aperture radar study of
Okmok volcano, Alaska, 1992–2003: Magma supply dynamics and postemplacement lava flow
deformation. Journal of Geophysical Research: Solid Earth, 110(B2).
Lu, Z., Dzurisin, D., Wicks, C., Power, J., Kwoun, O., and R. Rykhus (2007), Diverse deformation
patterns of Aleutian volcanoes from satellite interferometric synthetic aperture radar
(InSAR). Volcanism and subduction: the Kamchatka region, 249-261.
Lu, Z., Dzurisin, D., Biggs, J., Wicks, C., & McNutt, S. (2010), Ground surface deformation
patterns, magma supply, and magma storage at Okmok volcano, Alaska, from InSAR analysis:
1. Intereruption deformation, 1997–2008. Journal of Geophysical Research: Solid Earth,
115(B5).
Lundgren, P., Casu, F., Manzo, M., Pepe, A., Berardino, P., Sansosti, E., & Lanari, R. (2004).
Gravity and magma induced spreading of Mount Etna volcano revealed by satellite radar
interferometry. Geophysical Research Letters, 31(4).
Lundgren, P., Nikkhoo, M., Samsonov, S. V., Milillo, P., Gil‐Cruz, F., & Lazo, J. (2017). Source
model for the Copahue volcano magma plumbing system constrained by InSAR surface
deformation observations. Journal of Geophysical Research: Solid Earth.
121

Manconi, A., Walter, T. R., & Amelung, F. (2007). Effects of mechanical layering on volcano
deformation. Geophysical Journal International, 170(2), 952-958.
Manconi, A., Tizzani, P., Zeni, G., Pepe, S., & Solaro, G. (2009). Simulated annealing and genetic
algorithm optimization using comsol multiphysics: applications to the analysis of ground
deformation in active volcanic areas. In Excerpt from the Proceedings of the COMSOL
Conference.
Maeda, I. (2000). Nonlinear visco-elastic volcanic model and its application to the recent eruption
of Mt. Unzen. Journal of Volcanology and Geothermal Research, 95(1-4), 35-47.
Mann, D., & Freymueller, J. (2003). Volcanic and tectonic deformation on Unimak Island in the
Aleutian Arc, Alaska. Journal of Geophysical Research: Solid Earth, 108(B2).
Masterlark, T. (2003). Finite element model predictions of static deformation from dislocation
sources in a subduction zone: sensitivities to homogeneous, isotropic, Poisson‐solid, and half‐
space assumptions. Journal of Geophysical Research: Solid Earth, 108(B11).
Masterlark, T. (2007). Magma intrusion and deformation predictions: Sensitivities to the Mogi
assumptions. Journal of Geophysical Research: Solid Earth, 112(B6).
Masterlark, T., Haney, M., Dickinson, H., Fournier, T., & Searcy, C. (2010). Rheologic and
structural controls on the deformation of Okmok volcano, Alaska: FEMs, InSAR, and ambient
noise tomography. Journal of Geophysical Research: Solid Earth, 115(B2).
Masterlark, T., Feigl, K. L., Haney, M., Stone, J., Thurber, C., & Ronchin, E. (2012). Nonlinear
estimation of geometric parameters in FEMs of volcano deformation: Integrating tomography
models and geodetic data for Okmok volcano, Alaska. Journal of Geophysical Research: Solid
Earth, 117(B2).
Mattia, M., Palano, M., Aloisi, M., Bruno, V., & Bock, Y. (2008). High rate GPS data on active
volcanoes: an application to the 2005–2006 Mt. Augustine (Alaska, USA) eruption. Terra Nova,
20(2), 134-140.
McCormick, B., Popp, C., Andrews, B., & Cottrell, E. (2015). Ten years of satellite observations
reveal highly variable sulphur dioxide emissions at Anatahan Volcano, Mariana Islands. Journal
of Geophysical Research: Atmospheres, 120(14), 7258-7282.

122

McTigue, D. F. (1987), Elastic stress and deformation near a finite spherical magma body:
resolution of the point source paradox. Journal of Geophysical Research: Solid Earth, 92(B12),
12931-12940.
Miller, C. A., Le Mével, H., Currenti, G., Williams‐Jones, G., & Tikoff, B. (2017). Microgravity
changes at the Laguna del Maule volcanic field: Magma‐induced stress changes facilitate mass
addition. Journal of Geophysical Research: Solid Earth, 122(4), 3179-3196.
Miyagi, Y., Freymueller, J. T., Kimata, F., Sato, T., & Mann, D. (2004), Surface deformation
caused by shallow magmatic activity at Okmok volcano, Alaska, detected by GPS campaigns
2000-2002. Earth, planets and space, 56(10), e29-e32.
Mogi, K. (1958), Relations between the eruptions of various volcanoes and the deformations of
the ground surfaces around them. Bull. Earthquake Res. Inst. Univ. Tokyo, 36: 99-134.
Molan, Y. E., Kim, J.W., Lu, Z., Agram, P.S. (2018), L-band temporal coherence assessment and
modeling over Interior Alaska: Remote Sensing, 10, 150, doi:10.3390/rs10010150
Montgomery‐Brown, E. K., Sinnett, D. K., Poland, M., Segall, P., Orr, T., Zebker, H., & Miklius,
A. (2010). Geodetic evidence for en echelon dike emplacement and concurrent slow slip during
the June 2007 intrusion and eruption at Kīlauea volcano, Hawaii. Journal of Geophysical
Research: Solid Earth, 115(B7).
Morales Rivera, A. M., Amelung, F., Albino, F., & Gregg, P. M. (2019). Impact of Crustal
Rheology on Temperature‐Dependent Viscoelastic Models of Volcano Deformation:
Application to Taal Volcano, Philippines. Journal of Geophysical Research: Solid Earth,
124(1), 978-994.
Muller, C., Biggs, J., Ebmeier, S. K., Mothes, P., Palacios, P. B., Jarrín, P., ... & Ruiz, M. (2018).
Temporal evolution of the magmatic system at Tungurahua Volcano, Ecuador, detected by
geodetic observations. Journal of Volcanology and Geothermal Research, 368, 63-72.
Neri, A., Esposti Ongaro, T., Macedonio, G., & Gidaspow, D. (2003). Multiparticle simulation of
collapsing volcanic columns and pyroclastic flow. Journal of Geophysical Research: Solid
Earth, 108(B4).
Newman, A. V., Dixon, T. H., & Gourmelen, N. (2006), A four-dimensional viscoelastic
deformation model for Long Valley Caldera, California, between 1995 and 2000. Journal of
volcanology and geothermal research, 150(1), 244-269.
123

Ogden, D. E., Glatzmaier, G. A., & Wohletz, K. H. (2008). Effects of vent overpressure on buoyant
eruption columns: implications for plume stability. Earth and Planetary Science Letters, 268(34), 283-292.
Okada, Y. (1985), Surface deformation due to shear and tensile faults in a half-space. Bulletin of
the seismological society of America, 75(4), 1135-1154.
Ongaro, T. E., Cavazzoni, C., Erbacci, G., Neri, A., & Salvetti, M. V. (2007). A parallel multiphase
flow code for the 3D simulation of explosive volcanic eruptions. Parallel Computing, 33(7-8),
541-560.
Parker, A. L., Biggs, J., Walters, R. J., Ebmeier, S. K., Wright, T. J., Teanby, N. A., & Lu, Z.
(2015). Systematic assessment of atmospheric uncertainties for InSAR data at volcanic arcs
using large-scale atmospheric models: Application to the Cascade volcanoes, United States.
Remote Sensing of Environment, 170, 102-114.
Patrick, M. R., Dehn, J., Papp, K. R., Lu, Z., Dean, K., Moxey, L., ... & Guritz, R. (2003). The
1997 eruption of Okmok Volcano, Alaska: a synthesis of remotely sensed imagery. Journal of
Volcanology and Geothermal Research, 127(1-2), 87-105.
Patrick, M. R., Dehn, J., & Dean, K. (2004). Numerical modeling of lava flow cooling applied to
the 1997 Okmok eruption: Approach and analysis. Journal of Geophysical Research: Solid
Earth, 109(B3).
Patrick, M. R., Dehn, J., & Dean, K. (2005). Numerical modeling of lava flow cooling applied to
the 1997 Okmok eruption: comparison with advanced very high resolution radiometer thermal
imagery. Journal of Geophysical Research: Solid Earth, 110(B2).
Pedersen, R., & Sigmundsson, F. (2004). InSAR based sill model links spatially offset areas of
deformation and seismicity for the 1994 unrest episode at Eyjafjallajökull volcano, Iceland.
Geophysical Research Letters, 31(14).
Pepe, S., D’Auria, L., Castaldo, R., Casu, F., De Luca, C., De Novellis, V., ... & Tizzani, P. (2018).
The Use of Massive Deformation Datasets for the Analysis of Spatial and Temporal Evolution
of Mauna Loa Volcano (Hawai’i). Remote Sensing, 10(6), 968.
Pinel, V., Hooper, A., De la Cruz-Reyna, S., Reyes-Davila, G., Doin, M. P., & Bascou, P. (2011).
The challenging retrieval of the displacement field from InSAR data for andesitic
stratovolcanoes: Case study of Popocatepetl and Colima Volcano, Mexico. Journal of
Volcanology and Geothermal Research, 200(1-2), 49-61.
124

Pinel, V., Sigmundsson, F., Sturkell, E., Geirsson, H., Einarsson, P., Gudmundsson, M. T., &
Högnadóttir, T. (2007), Discriminating volcano deformation due to magma movements and
variable surface loads: application to Katla subglacial volcano, Iceland. Geophysical Journal
International, 169(1), 325-338.
Pinel, V., Poland, M. P., & Hooper, A. (2014). Volcanology: lessons learned from synthetic
aperture radar imagery. Journal of Volcanology and Geothermal Research, 289, 81-113.
Poland, M., Hamburger, M., & Newman, A. (2006). The changing shapes of active volcanoes:
History, evolution, and future challenges for volcano geodesy. Journal of Volcanology and
Geothermal Research, 150(1-3), 1-13.
Poland, M. P., & Carbone, D. (2016). Insights into shallow magmatic processes at Kīlauea
Volcano, Hawaiʻi, from a multiyear continuous gravity time series. Journal of Geophysical
Research: Solid Earth, 121(7), 5477-5492.
Poland, M. P., & Carbone, D. (2018). Continuous gravity and tilt reveal anomalous pressure and
density changes associated with gas pistoning within the summit lava lake of Kīlauea Volcano,
Hawai ‘i. Geophysical Research Letters, 45(5), 2319-2327.
Pritchard, M. E., & Simons, M. (2004). An InSAR‐based survey of volcanic deformation in the
southern Andes. Geophysical research letters, 31(15).
Ramis, R. O., Garcia, A., Marrero, J. M., De la Cruz-Reyna, S., Carniel, R., & Vila, J. (2018).
Volcanic and volcano-tectonic activity forecasting: a review on seismic approaches. Annals of
Geophysics, 61, 39.
Ramsey, M. S., & Fink, J. H. (1999). Estimating silicic lava vesicularity with thermal remote
sensing: A new technique for volcanic mapping and monitoring. Bulletin of Volcanology, 61(12), 32-39.
Realmuto, V. J., & Berk, A. (2016). Plume Tracker: Interactive mapping of volcanic sulfur dioxide
emissions with high-performance radiative transfer modeling. Journal of Volcanology and
Geothermal Research, 327, 55-69.
Reath, K. A., Ramsey, M. S., Dehn, J., & Webley, P. W. (2016). Predicting eruptions from
precursory activity using remote sensing data hybridization. Journal of Volcanology and
Geothermal Research, 321, 18-30.

125

Reath, K., Pritchard, M. E., Moruzzi, S., Alcott, A., Coppola, D., & Pieri, D. (2019a). The AVTOD
(ASTER Volcanic Thermal Output Database) Latin America archive. Journal of Volcanology
and Geothermal Research, 376, 62-74.
Reath, K., Pritchard, M., Poland, M., Delgado, F., Carn, S., Coppola, D., ... & Baker, S. (2019b).
Thermal, Deformation, and Degassing Remote Sensing Time Series (CE 2000–2017) at the 47
most Active Volcanoes in Latin America: Implications for Volcanic Systems. Journal of
Geophysical Research: Solid Earth, 124(1), 195-218.
Reinisch, E. C., Cardiff, M., & Feigl, K. L. (2017). Graph theory for analyzing pair-wise data:
application to geophysical model parameters estimated from interferometric synthetic aperture
radar data at Okmok volcano, Alaska. Journal of Geodesy, 91(1), 9-24.
Rivalta, E., & Segall, P. (2008), Magma compressibility and the missing source for some dike
intrusions. Geophysical Research Letters, 35(4).
Rogic, N., Cappello, A., & Ferrucci, F. (2019). Role of Emissivity in Lava Flow ‘Distance-toRun’Estimates from Satellite-Based Volcano Monitoring. Remote Sensing, 11(6), 662.
Ronchin, E., Masterlark, T., Molist, J. M., Saunders, S., & Tao, W. (2013). Solid modeling
techniques to build 3D finite element models of volcanic systems: an example from the Rabaul
Caldera system, Papua New Guinea. Computers & geosciences, 52, 325-333.
Rowland, S. K., Garbeil, H., & Harris, A. J. (2005). Lengths and hazards from channel-fed lava
flows on Mauna Loa, Hawai ‘i, determined from thermal and downslope modeling with
FLOWGO. Bulletin of Volcanology, 67(7), 634-647.
Rymer, H., Martínez, M., Brenes, J., Williams-Jones, G., & Borgia, A. (2019). Geophysical and
geochemical precursors to changes in activity at Poás volcano. In Poás Volcano (pp. 203-211).
Springer, Cham.
Segall, P. (2010). Earthquake and volcano deformation. Princeton University Press.
Segall, P. (2013), Volcano deformation and eruption forecasting. doi: 10.1144/SP380. 4l. Remote
sensing of Volcanoes and Volcanic Processes: Integrating Observations and Modeling, Geol.
Soc. London, SP, 380.

126

Shirzaei, M., & Walter, T. R. (2010). Time‐dependent volcano source monitoring using
interferometric synthetic aperture radar time series: A combined genetic algorithm and Kalman
filter approach. Journal of Geophysical Research: Solid Earth, 115(B10).
Sigmundsson, F., Pinel, V., Lund, B., Albino, F., Pagli, C., Geirsson, H., & Sturkell, E. (2010).
Climate effects on volcanism: influence on magmatic systems of loading and unloading from
ice mass variations, with examples from Iceland. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences, 368(1919), 2519-2534.
Sigmundsson, F., Parks, M., Pedersen, R., Jónsdóttir, K., Ófeigsson, B. G., Grapenthin, R., ... &
Hjartardóttir, Á. R. (2018). Magma movements in volcanic plumbing systems and their
associated ground deformation and seismic patterns. In Volcanic and Igneous Plumbing
Systems (pp. 285-322).
Simons, M., Fialko, Y., & Rivera, L. (2002). Coseismic deformation from the 1999 M w 7.1 Hector
Mine, California, earthquake as inferred from InSAR and GPS observations. Bulletin of the
Seismological Society of America, 92(4), 1390-1402.
Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J., Cohen, M. D., & Ngan, F. (2015).
NOAA’s HYSPLIT atmospheric transport and dispersion modeling system. Bulletin of the
American Meteorological Society, 96(12), 2059-2077.
Suzuki, Y. J., & Koyaguchi, T. (2009). A three‐dimensional numerical simulation of spreading
umbrella clouds. Journal of Geophysical Research: Solid Earth, 114(B3).
Suzuki, Y. J., & Koyaguchi, T. (2015). Effects of wind on entrainment efficiency in volcanic
plumes. Journal of Geophysical Research: Solid Earth, 120(9), 6122-6140.
Suzuki, Y. J., Koyaguchi, T., Ogawa, M., & Hachisu, I. (2005). A numerical study of turbulent
mixing in eruption clouds using a three‐dimensional fluid dynamics model. Journal of
Geophysical Research: Solid Earth, 110(B8).
Suzuki, Y. J., Costa, A., Cerminara, M., Ongaro, T. E., Herzog, M., Van Eaton, A. R., & Denby,
L. C. (2016). Inter-comparison of three-dimensional models of volcanic plumes. Journal of
Volcanology and Geothermal Research, 326, 26-42.
Syracuse, E. M., Maceira, M., Zhang, H., & Thurber, C. H. (2015). Seismicity and structure of
Akutan and Makushin Volcanoes, Alaska, using joint body and surface wave tomography.
Journal of Geophysical Research: Solid Earth, 120(2), 1036-1052.
127

Tsepelev, I., Ismail-Zadeh, A., Starodubtseva, Y., Korotkii, A., & Melnik, O. (2019). Crust
development inferred from numerical models of lava flow and its surface thermal
measurements. Annals of Geophysics, 61, 62.
Trasatti, E., Giunchi, C., & Bonafede, M. (2003). Effects of topography and rheological layering
on ground deformation in volcanic regions. Journal of Volcanology and Geothermal Research,
122(1-2), 89-110.
Van Eaton, A. R., Mastin, L. G., Herzog, M., Schwaiger, H. F., Schneider, D. J., Wallace, K. L.,
& Clarke, A. B. (2015). Hail formation triggers rapid ash aggregation in volcanic plumes.
Nature communications, 6, 7860.
van Manen, S. M., Blake, S., Dehn, J., & Valcic, L. (2013). Forecasting large explosions at
Bezymianny Volcano using thermal satellite data. Geological Society, London, Special
Publications, 380(1), 187-201.
Vázquez, R., Macías, J. L., Arce, J. L., Cisneros, G., & Saucedo, R. (2019). Numerical simulation
of block-and-ash flows for different eruptive scenarios of the Tacaná Volcanic Complex,
México-Guatemala. Journal of Volcanology and Geothermal Research, 373, 36-50.
Vicari, A., Ciraudo, A., Del Negro, C., Herault, A., & Fortuna, L. (2009). Lava flow simulations
using discharge rates from thermal infrared satellite imagery during the 2006 Etna eruption.
Natural Hazards, 50(3), 539-550.
Wadge, G., Webley, P. W., James, I. N., Bingley, R., Dodson, A., Waugh, S., ... & Edwards, S. C.
(2002). Atmospheric models, GPS and InSAR measurements of the tropospheric water vapour
field over Mount Etna. Geophysical Research Letters, 29(19), 11-1.
Walwer, D., Calais, E., & Ghil, M. (2016). Data‐adaptive detection of transient deformation in
geodetic networks. Journal of Geophysical Research: Solid Earth, 121(3), 2129-2152.
Walwer, D., Ghil, M., & Calais, E. (2019). Oscillatory nature of the Okmok volcano's
deformation. Earth and Planetary Science Letters, 506, 76-86.
Wang, C., Ding, X., Li, Q., & Jiang, M. (2014). Equation-based InSAR data quadtree
downsampling for earthquake slip distribution inversion. IEEE Geoscience and Remote
Sensing Letters, 11(12), 2060-2064.

128

Wang, T., DeGrandpre, K., Lu, Z., & Freymueller, J. T. (2018). Complex surface deformation of
Akutan volcano, Alaska revealed from InSAR time series. International journal of applied earth
observation and geoinformation, 64, 171-180.
Wantim, M. N., Kervyn, M., Ernst, G. G. J., del Marmol, M. A., Suh, C. E., & Jacobs, P. (2013).
Numerical experiments on the dynamics of channelised lava flows at Mount Cameroon volcano
with the FLOWGO thermo-rheological model. Journal of Volcanology and Geothermal
Research, 253, 35-53.
Wespestad, C. E., Thurber, C. H., Andersen, N. L., Singer, B. S., Cardona, C., Zeng, X., ... &
Unsworth, M. (2019). Magma Reservoir Below Laguna del Maule Volcanic Field, Chile
Imaged with Surface‐Wave Tomography. Journal of Geophysical Research: Solid Earth.
Wicks Jr, C. W., Dzurisin, D., Ingebritsen, S., Thatcher, W., Lu, Z., & Iverson, J. (2002). Magmatic
activity beneath the quiescent Three Sisters volcanic center, central Oregon Cascade Range,
USA. Geophysical Research Letters, 29(7), 26-1.
Williams, C. A., & Wadge, G. (1998). The effects of topography on magma chamber deformation
models: Application to Mt. Etna and radar interferometry. Geophysical Research
Letters, 25(10), 1549-1552.
Wong, Y. Q., Segall, P., Bradley, A., & Anderson, K. (2017). Constraining the Magmatic System
at Mount St. Helens (2004–2008) Using Bayesian Inversion With Physics‐Based Models
Including Gas Escape and Crystallization. Journal of Geophysical Research: Solid
Earth, 122(10), 7789-7812.
Woodhouse, I. H. (2006). Predicting backscatter-biomass and height-biomass trends using a
macroecology model. IEEE Transactions on Geoscience and remote sensing, 44(4), 871-877.
Wright, R., & Pilger, E. (2008). Satellite observations reveal little inter-annual variability in the
radiant flux from the Mount Erebus lava lake. Journal of Volcanology and Geothermal
Research, 177(3), 687-694.
Wright, T. J., Lu, Z., & Wicks, C. (2003). Source model for the Mw 6.7, 23 October 2002, Nenana
Mountain Earthquake (Alaska) from InSAR. Geophysical Research Letters, 30(18).
Wright, T., Parsons, B., and Lu, Z. (2004). Toward mapping surface deformation in three
dimensions
using
InSAR:
Geophysical
Research
Letters,
31,
L01607,
doi:10.1029/2003GL018827.
129

Wright, R., Garbeil, H., & Harris, A. J. (2008). Using infrared satellite data to drive a thermo‐
rheological/stochastic lava flow emplacement model: A method for near‐real‐time volcanic
hazard assessment. Geophysical Research Letters, 35(19).
Wright, R., Blackett, M., & Hill‐Butler, C. (2015). Some observations regarding the thermal flux
from Earth's erupting volcanoes for the period of 2000 to 2014. Geophysical Research Letters,
42(2), 282-289.
Yang, X. M., Davis, P. M., & Dieterich, J. H. (1988), Deformation from inflation of a dipping
finite prolate spheroid in an elastic half‐space as a model for volcanic stressing. Journal of
Geophysical Research: Solid Earth, 93(B5), 4249-4257.
Yu, C., Li, Z., Penna, N. T., & Crippa, P. (2018). Generic atmospheric correction model for
Interferometric Synthetic Aperture Radar observations. Journal of Geophysical Research: Solid
Earth, 123. https://doi.org/10.1029/2017JB015305.
Yu, C., Li, Z., and Penna, N. T. (2018), Interferometric synthetic aperture radar atmospheric
correction using a GPS-based iterative tropospheric decomposition model, Re-mote Sens.
En-v-i-ron., doi:10.1016/j.rse.2017.10.038.
Yu, C., Penna, N. T., and Li, Z. (2017), Generation of real-time mode high-resolution water vapor
fields from GPS observations, J. Geophys. Res. Atmos., 122, 2008–2025,
doi:10.1002/2016JD025753.
Zellmer, G. F., & Annen, C. (2008). An introduction to magma dynamics. Geological Society,
London, Special Publications, 304(1), 1-13.
Zhan, Y., & Gregg, P. M. (2017a). Data assimilation strategies for volcano geodesy. Journal of
Volcanology and Geothermal Research, 344, 13-25.
Zhan, Y., Gregg, P. M., Chaussard, E., & Aoki, Y. (2017b). Sequential assimilation of volcanic
monitoring data to quantify eruption potential: Application to Kerinci volcano, Sumatra.
Frontiers in Earth Science, 5, 108.
Zlotnicki, J., Sasai, Y., Johnston, M. J. S., Fauquet, F., Villacorte, E., & Cordon, J. M. (2018). The
2010 seismovolcanic crisis at Taal volcano (Philippines). Earth, Planets and Space, 70(1), 159.

130

CHAPTER 3
EPISODIC INFLATION AND COMPLEX SURFACE DEFORMATION OF AKUTAN
VOLCANO, ALASKA REVEALED FROM GPS TIMESERIES

Published as: DeGrandpre, K. G., Wang, T., Lu, Z., & Freymueller, J. T., 2017. Episodic inflation
and complex surface deformation of Akutan volcano, Alaska revealed from GPS time-series.
Journal of Volcanology and Geothermal Research, 347, 337-359.

Abstract
Akutan is one of the most active volcanoes in the Aleutian island arc. Studies involving
seismic, GPS, and InSAR data have observed activity and deformation on the island since 1996.
In this study we inverted measurements of volcanic deformation, observed using three components
of motions at 12 continuous GPS sites to define magma source parameters using Mogi point
source, Okada dislocation, and Yang spheroid and ellipsoid models. In order to analyze the
evolution of this magma source we split the GPS data into five consecutive time periods, and one
period that incorporates all available data. These time periods were designed around two inflation
events in 2008 and 2014, when a sudden and significant increase in vertical velocity was observed.
Inversion of these time periods independently allowed us to create a magma volume time-series
that is related to the physical migration of magma defined by the estimated source parameters. The
best fit model parameters resulting from these inversions describes magma storage in the form of
an oblate spheroid centered on the northeastern rim of the caldera of Akutan volcano, extending
from a depth of 7 km to 8 km, with a length of ~3.5 km, a strike of ~N165°E, and a dip of ~63°
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from the horizontal to the southwest. Our model results were compared with seismic studies and
found to support previous interpretations of episodic inflation beneath Akutan volcano with
complicated magma storage at intermediate depths. The inflation event observed in 2008 was
estimated to be the result of an injection of magma of ~0.08 km3 that was followed in 2014 by an
additional increase in volume of ~0.06 km3. No periods of deflation were observed in the GPS data
after these events, and we believe the total volume of magma accumulated in this region, ~0.2 km3,
remains in a shallow storage system beneath Akutan Volcano.
3.1 Introduction
Akutan island is located in the central section of the 2000 km Aleutian volcanic arc, a product
of the subduction of the Pacific plate beneath the Bering plate in the west and the North American
plate in the east. The island is situated just west of the break in the continental shelf, so that the
overriding crust in this region is transitional between continental and oceanic, with a thickness of
33-39 km [Janiszewski et al., 2013], and water depths surrounding the island are less than 100 m
[Amante and Eakins, 2009] [Fig. 3.1, inset]. The most prominent feature on Akutan island is the
1300 m composite stratovolcano of the same name [Fig. 3.1]. The summit of Akutan volcano hosts
a caldera that was formed 5.2 ka with a 1 km wide and 240 m high active cinder cone situated in
the northeast quadrant of the caldera [Newhall and Dzurisin 1988; Miller et al., 1998]. Sulfur
deposits can be found lining small craters within the caldera and active fumaroles are present along
the southern flank. The only village on the island, Akutan village, has been established south of
Hot Springs Bay, 13 km northeast of the volcano [Fig. 3.1], where geothermal activity is used to
provide power to the approximately 1000 inhabitants. To the east, the topography becomes a more
complicated series of north-south trending ridges and valleys extending across the island, primarily
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composed of older, early Pleistocene ash and tephra deposits formed 1.5 to 3.3 Ma [Romick et al.,
1990; McConnell et al., 1997; Miller et al., 1998; Richter et al., 1998].
Akutan is one of the most active volcanoes in the Aleutian arc [Lu and Dzurisin, 2014], with at
least 27 eruptive events noted since 1790 [Finch, 1935; Byers and Barth, 1953; Simkin and Siebert,
2002; Miller et al., 1998], and it has been included in the top 10% of volcanoes that pose a risk to
both life and property in the United States [Ewert, 2007]. The most recent eruption, from March
to May of 1992, consisted of repeated ash plumes and steam events (VEI 1) [McGimsey and Neal,
1996; Miller et al., 1998; Richter et al., 1998]. Such explosive activity was reported on a 1-4 year
cycle between the mid-1970s and early 1990s, while effusive eruptions are historically less
common. When effusive eruptions do occur, lava flows are channeled from the summit of Akutan
north, towards Long Valley, through a breach of the caldera rim; the last occurred in 1978 when a
porphyritic two-pyroxene basaltic andesite erupted from the summit with simultaneous ejection of
incandescent bombs. These bombs were witnessed by airline pilots to reach heights of 100 m above
the summit and have subsequently been found distributed across the entirety of the island [Miller
et al., 1998; Richter et al., 1998; Waythomas, 1999].
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Figure 3.1. Location map of Akutan island in the central section of the Aleutian arc. The break in
the continental shelf can be seen in the bathymetry to the north of the highlighted area, and arrows
indicate motion of the Pacific plate towards the Bering and North American plates along the
Aleutian trench. The inset shows Akutan island, with Akutan village, Hot Springs Bay, and Lava
Point labeled. GPS stations are plotted as red squares and seismic stations as yellow triangles, the
stable reference GPS site, AV15, is labeled and located at the red square with the thick black
border. The green rectangle outlines the approximate area of surficial ground cracks and
extensional features that formed during the March 1996 earthquake swarm.
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The tectonic and volcanic nature of Akutan island has led to seismic events both independent
of and associated with eruptive events. These events were recorded only through historical
accounts until March 1996, when instrumentation was installed following an intense period of
seismic activity. With the onset of seismic activity, the Alaska Volcano Observatory (AVO)
initially installed five seismometers, one in Akutan village and four on the eastern side of the island
[Fig. 3.1]. This network was augmented throughout the summer of 1996, when six additional
permanent seismic stations were installed island-wide, and this number has since been increased
to a total of 15 stations [Fig. 3.1]. Using real-time, short-period, and broadband seismometers, over
3000 local seismic events have been located during this seismic swarm, with a peak in frequency
observed between March 11 and 16, 1996 [Lu et al, 2000]. No eruption resulted from this increase
in activity, yet the 1996 seismic swarm was estimated to have released energy approximately
equivalent to one magnitude 6 event [Power et al., 1996; Lu et al., 2000]. There was, however,
observed surface deformation associated with this event. During field work in July 1996 a series
of fresh ground cracks were observed to discontinuously extend from Lava Point on the western
coast along a strike of N250°E to the southeast side of the island. The most severely affected area
was a 300-500 m wide rectangular zone between Lava Point and the western rim of the caldera
[Waythomas et al., 1998] [Fig. 3.1].
Previous studies have used both Synthetic Aperture Radar Interferometry (InSAR) and
GPS data to study the surface deformation related to volcanic processes at Akutan [Lu et al., 2000;
Lu et al, 2005; Ji and Herring, 2011; Lu and Dzurisin, 2014]. InSAR images were used to create
interferograms that temporally span the duration of the 1996 seismic swarm and consistently
exhibit uplift in excess of 60 cm over the western part of the island, with similar magnitudes of
subsidence across the eastern extent. To explain the complicated spatial pattern observed in these
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interferograms several multi-source models have been proposed [Lu et al., 2000; Lu and Dzurisin,
2014], but the main deformation source responsible for uplift in the western part of the island is
modeled as a shallow (< 1 km) dike system extending 5-6 km laterally and 2-4 km down dip [Lu
et al., 2000; 2005]. Deformation before and after the seismic swarm was also analyzed through
interferograms that show the volcano’s northern flank uplifting ~10 mm per year [Lu et al., 2005;
Lu and Dzurisin, 2014] and was explained by the intrusion of magma into a reservoir located 5-7
km beneath the northern flank of the volcano [Lu and Dzurisin, 2014]. Interferograms created from
images acquired after the swarm exhibit interesting additional deformation in the form of a linear
subsidence pattern extending westward from the summit [Lu and Dzurisin, 2014]. This subsidence
coincides with the region mapped during field work in July 1996 that experienced the most
extensive ground cracking. This onset of subsidence has been interpreted as the result of cooling
and degassing of a magma intrusion that failed to erupt at the surface [Lu and Dzurisin, 2014].
Additional persistent subsidence is observed inside the caldera, but is most likely related to the
depressurization of a shallow hydrothermal system [Lu and Dzurisin, 2014].
While GPS data is limited spatially it can provide a very high resolution in time, with
measurements at continuous stations being collected every 30 seconds. Using this high resolution
temporal data, transient inflation during the first half of 2008 was detected and modeled by Ji and
Herring [2011] as a simple Mogi source at shallow depth (~3.9 km).
A recent study reveals the complex nature of structures beneath Akutan island from the
simultaneous inversion of the 1996 – 2009 seismic body and surface wave data for a more accurate
velocity model and event relocations [Syracuse et al., 2015]. The relocated earthquakes are
clustered in four areas: 1) 8 km east of Akutan’s caldera where most earthquakes occurred at very
shallow depths during the 1996 swarm; 2) Northwest of the caldera, both onshore and offshore
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near Lava Point, indicating a northwest dipping plane located around 4 - 10 km depth; 3) A 6 km
long vertical plane of seismicity beneath the north and northwest side of the caldera, with the same
orientation of the observed ground cracks; 4) A region south of the caldera where most of the deep
earthquakes (deeper than 10 km) occur [Syracuse et al., 2015].
The results of these previous studies suggest that the surface deformation may reflect
multiple mechanisms both spatially and temporally. Here we divide continuous GPS data into five
different time periods to better analyze the temporal evolution of deformation, from the time of
the GPS site’s installation (generally the summer of 2005, but as early as 2002), to the time of this
study in November 2016. We then invert these data to produce a best estimate of the magmatic
source geometry at Akutan volcano, and evaluate the evolution of its volume change with time.
We also consider the cumulative deformation available at each GPS site for the whole ~10 year
timeseries.
3.2 GPS Data
There are 16 campaign and 12 continuous GPS sites installed on Akutan island [Fig. 3.1].
GPS campaign sites are short term repeat occupations, and cannot provide the temporal resolution
necessary to model the periods of episodic inflation. Thus, only data from the 12 continuous GPS
sites are used in this study. These data are publically available through UNAVCO and the Plate
Boundary Observatory (PBO; http://pbo.unavo.org). Daily position solutions were estimated for
all data through the University of Alaska Fairbanks - Geophysical Institute using the
GIPSY/OASIS II software goa-5.0 developed by the Jet Propulsion Laboratory in Pasadena,
California following the processing methods described by Fu et al., [2012]. These GPS time-series
(e.g. station AKLV, Fig. 3.2) exhibit two distinct pulses of rapid inflation on top of the steady rate
of motion. In order to more accurately model the geophysical processes responsible for these
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episodic changes in velocity, the east, north, and up measurements were grouped into five time
periods. The five periods are designed to isolate these episodic changes in velocity and to analyze
the underlying constant rate of motion before, between, and after these inflation events. The two
inflation events are defined from abrupt velocity changes in the vertical component. There are no
published dates defining the 2014 event and published dates for the 2008 inflation event were
determined by Ji and Herring [2011] using principal component analysis, and describe a six month
event that took place in early 2008. These dates do not incorporate the obvious inflation that
occurred in the end of 2007 and the beginning of 2009 that was a continuity of the 2008 inflation.
The events defined in this study were done so from visual analysis of the vertical component of
GPS site AKLV [Fig. 3.2]. The first period, pre-2008 [Fig. 3.2 (1)], extends from the beginning
of the available data (between 2002 and 2005) to July 1, 2007. The 2008 inflation episode,
hereafter referred to as the 2008 event [Fig. 3.2 (2)] is defined from July 1, 2007 to Jan 1, 2009.
The third period, 2009-2013 [Fig. 3.2 (3)], extends from Jan 1, 2009 to July 1, 2013, and July 1,
2013 to Jan 1, 2015 encompasses the second period of inflation [Fig. 3.2 (4)], referred to here as
the 2014 event. The fifth period, post-2014 [Fig. 3.2(5)], covers all data available from Jan 1, 2015
to present (November 18, 2016). We also consider an additional data set based on all available
data for each site, which has a variety of different time spans depending on the installation and
functionality of each GPS site. The minimum required continuous set of data used to produce a
deformation measurement was defined to be one year so that seasonal cycles do not dominate our
velocity measurements. Because of this not every station has an estimation for every time frame,
and some have shorter time durations for one period than the others [Tables S3.1-S3.7]. These
gaps in time-series data, seen in early 2016 at site AKLV [Fig. 3.2], are often a result from
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equipment malfunction or natural forces interrupting data transmission, and because of the remote
nature of Akutan island, maintenance cannot always be performed in a timely manner.

Figure 3.2. Time-series of daily position solutions relative to stable North America with seasonal
variations removed at GPS site AKLV are plotted for the east (top), north (middle) and vertical
(bottom) components. The horizontal components, east and north, have been detrended, but
deflation events are still barely visible. Red lines separate the five time periods, pre-2008 (1), 2008
event (2), 2009-2013 (3), 2014 event (4), and post-2014 (5). Additionally, all of the available data
were used as a time period extending from the beginning of pre-2008 to the end of post-2014.
Velocity estimates created using the model described in section 3.1 are indicated for each time
period, illustrating the sharp increase in velocity associated with the 2008 and 2014 inflation
events.
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3.3 Methods
The goal of this study is to observe the effect of volcanic processes at Akutan island,
manifested as surface deformation during six time periods. In order to use the GPS data as
accurately as possible, several processing steps were required. First, the measured daily position
values were used to estimate velocity for each station during each time frame. To isolate volcanic
displacement and remove dependency on a reference frame, a regional tectonic and reference
frame velocity estimation is subtracted from the velocity estimate at each site for each time series.
This volcanic rate was then converted into displacements for each time period and modeled using
four source models. A buried point source [Mogi, 1958], a dislocation plane [Okada, 1985], a finite
prolate or oblate spheroid [Yang,1988], and a finite prolate or oblate ellipsoid [Yang, 1988] in a
homogeneous isotropic elastic half space (hereafter refer to as Mogi, Okada, Yang-Spheroid, and
Yang-Ellipsoid respectively), are compared in an effort to define source geometry and create a
volume change time-series.
3.3.1 GPS velocity model
A velocity model relative to a stable North American plate (NOAM) [Equation 3.1] was
first fit to daily solutions for each of the GPS sites, for each of the five time periods [Table S3.1].
Gross outliers were stripped from the data and when data sets were long enough, cyclical seasonal
terms were estimated and removed. When the data set was not long enough, seasonal terms were
removed using model estimates based on satellite gravity data from the Gravity Recovery and
Climate Experiment (GRACE) satellites [Fu and Freymueller, 2012], further details of the velocity
model can be found in DeGrandpre [2015].
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𝑥(𝑡) = 𝑎 + 𝑏𝑡 + 𝑐! 𝑠𝑖𝑛(2𝜋𝑡) + 𝑐" 𝑐𝑜𝑠(2𝜋𝑡) + 𝑐# 𝑠𝑖𝑛(4𝜋𝑡) + 𝑐$ 𝑐𝑜𝑠(4𝜋𝑡)

[3.1]

where a is position at time 0 (defined as the midpoint of the data), t is time, b is the slope, c1 – c4
are seasonal coefficients. Not all of the terms included in Equation 3.1 are required for every site,
but the same terms are used for all three vector components. Daily positions are weighted based
on the inverse of their covariance matrix.

3.3.2 GPS deformation
The velocities that were estimated using this model [Table S3.1], however, reflect the
summation of all forces acting on a location. To isolate volcanic motion from the effects related to
regional tectonics and use of the reference frame a velocity estimate for these values will be
subtracted. There is no published model that provides this estimation, so in an effort to be as
accurate as possible we make the assumption that the GPS site AV15, located on the far-east
peninsula of Akutan island [Fig. 3.1] reflects motion related to only tectonic forces and reference
frame calculations for the horizontal components. The assumption that AV15 is far enough from
the magma source and therefore is not affected by volcanic deformation is based on previous
studies that show little localized deformation in this area [e.g., Ji and Herring, 2011; Lu and
Dzurisin, 2014]. To ensure that the removal of the horizontal components of AV15 is the best
tectonic estimate available, five other methods for estimating the tectonic motion were also
removed from the data and compared for all four models [Appendix A3]. The east and north
velocities at AV15 for each time period were subtracted from the east and north velocities at each
of the GPS sites (AV15 included) for the same time period. The tectonic contribution to the vertical
displacement is assumed to be minimal compared to the volcanic influence and no adjustment is
made to the observed data. All components (east, north, and vertical) were then multiplied by the
total time for that particular period. When the length of time is not defined by the period and GPS
sites have variable durations of observation (all, pre-2008, and post-2014), the time used to
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calculate displacement is taken from the GPS site with the least amount of time [Tables S3.2, S3.6,
and S3.7]. For the periods with temporal bounds restricting the data (2008 event, 2009-2013, and
2014 event) the defined duration of each period (1.5, 4.5, and 1.5 years, respectively), was used to
calculate displacement [Tables S3.3-S3.5]. These resulting values that have been corrected for an
estimated horizontal tectonic influence are hereafter referred to as calculated volcanic
displacements. This subtraction eliminates the reference frame and any tectonic signals, so that the
resulting calculated displacement is assumed to be a direct result of volcanic effects.

𝑑%,' = ?𝑣%,' − 𝑣()!*,' B ∗ 𝑡'

[3.2]

where 𝑑%,' is the volcanic deformation at site i during time period j, 𝑣%,' and 𝑡%,' are velocity
estimated from the model described in Equation 3.1 and time span of data used to calculate that
velocity at site i during time period j, and 𝑣()!*,' is the velocity estimation for site AV15 during
the jth time period. This equation is only applied to the east and north components.

3.3.3 Models
We estimated displacements during each of the five time periods using both Mogi [Mogi,
1958], Okada [Okada, 1985], Yang-Spheroid [Yang, 1988], and Yang-Ellipsoid models. The east,
north, and vertical deformation at all 12 of the GPS site locations (dependent on data availability)
were estimated by these models through a non-linear least squares inversion of 1000 Monte Carlo
simulations using the “trust-region-reflective” optimization algorithm to minimize the weighted
residual sum of squares (WRSS) with an error tolerance of 0.0001, which results in a prediction
of model parameters that best fit the data. The residual for each component of motion was weighted
by the inverse of the variance for each measurement at a particular site during the time period
being modeled [Tables S3.2-S3.7]. Poisson’s ratio is fixed to 0.25 for all models and the first and
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second Lamé parameters used in the Yang-Spheroid and Yang-Ellipsoid models are both defined
as 1 GPa. Topographic corrections were not made, so that depths are expressed as below sea level,
and not necessarily ground surface. Because the datasets are relatively small (maximum number
of data points is 36) and numerous simulations (1000) could be run with reasonable efficiency the
input range for all parameters was quite high in all of the models [Tables 3.1-3.4]. The large
number of simulations also makes refining parameters and progressively fixing them with
additional model runs unnecessary, as is often done in similar studies using deformation modeling
approaches [Lu et al., 2000], because the first hundred best fit models would converge on similar
parameter values.

Table 3.1. Range of input parameters for Mogi model inversion. Longitude, latitude, and depth
locations indicate the location of the point source at depth and volume is the change in volume
required to produce the estimated surface deformation.

Longitude

Latitude

Depth

Volume

(dec. deg. E)

(dec. deg. E)

(km)

(km3)

Upper
Bound

-165.940

54.195

15.0

0.100

Lower
Bound

-166.000

54.090

0.0

-0.010

Bounds
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144

15
0.5

0.5

Width
(km)

15

Length
(km)

0

15

Depth
(km)

-90

0
0

360

Dip
Strike
(deg. from horz.) (deg. from N)

-166

-165.94

Longitude
(dec. deg. E)

54.09

54.195

Latitude
(dec. deg. N)

0

5000

Opening
(mm)

Latitude

-165.94

-166

Lower
Bound
54.09

54.145

(dec. deg. E) (dec. deg. N)

Upper
Bound

Bounds

Longitude

0

15

(km)

Depth

5

100000

(kPa)

Pressure

0.5

15

Length of
A Axis
(km)

0.5

15

Length of
B Axis
(km)

0

360

(deg. from N)

Strike

-90

0

(deg. from horz.)

Plunge

Table 3.3. Range of input parameters for Yang-Spheroid and Yang-Ellipsoid model inversions. Longitude, latitude, and depth
locations indicate the center of the spheroid/ellipsoid. Length A and length B are the total distance of each respective axis, and
the third, C Axis, is equal to the B axis in the case of a spheroid, and is calculated using Equation 3.2 in the case of the ellipsoid.
The plunge values are degrees from horizontal, and the direction of this angle is related to the strike direction in the conventional
right-hand rule. Pressure indicates the change in pressure of the defined geometric shape required to produce the surface
deformation.

Upper
Bound
Lower
Bound

Bounds

Table 3.2. Range of input parameters for Okada model inversion. Longitude, latitude, and depth locations indicate the center of
the top edge of the dislocation plane. Length is measured as the top and bottom edges of the dislocation plane while width is
measured in the down dip direction. The dip values are degrees from horizontal, and the direction of this angle is related to the
strike direction in the conventional right-hand rule. Opening indicates the amount of dislocation of the defined geometric shape
required to produce the surface deformation.
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All
Pre 2008
2008
2009-2013
2014
Post 2014

Data

Latitude

Length of Length of
Strike
Plunge
Volume
A Axis
B Axis
WRSS
3
(kPa)
(km)
(km)
(deg. from N) (deg. from horz.) (km )
61012.1
4.2
0.5
292
-63
1.70
808.5
18.2
5.2
12.9
105
-33
0.05
7.3
40086.7
1.3
3.4
165
-64
0.08
1.1
348.7
4.9
4.3
137
-58
0.01
12.2
5910
2.8
2.4
150
-64
0.03
1.3
1656.4
3.0
8.8
283
-62
0.04
1.8

Depth Pressure

(dec. deg. E) (dec. deg. N) (km)
-165.964
54.156
8.3
-166.000
54.130
9.1
-165.953
54.151
7.7
-165.966
54.155
8.6
-165.965
54.148
7.6
-165.949
54.149
9.3

Longitude

Table 3.4. Best fit model results for Akutan GPS data. Data is segmented into five different groups, with “All” encompassing all
five data sets together. All data sets were best fit using the Yang-Spheroid model with the exception of the all and pre-2008 data,
which are best fit using a Yang-Ellipsoid model. Estimated values have the same geometric relationship as previously described in
Table 3. These are the resulting best fit parameters for each model. From the strike direction we determine the all and post-2014
data sets dip to the north and the pre-2008, 2008, 2009-2013, 2014 data sets dip to the south. Volume is calculated using this
estimated pressure and lengths of the A,B, and C axes defined in Equation 3.4. The WRSS is presented for each model, the statistical
significance of these values is analyzed with Equation 3.5 in Appendix B3.

The Mogi model uses four parameters to define a source that produces surface deformation:
x, y, z location (longitude, latitude, and depth) and volume change [Mogi, 1958]. The x, y, and z
parameters indicate the center of a spherical point source at depth, with radial expansion of this
point source resulting from positive volume changes, indicating inflation, and expressed on the
surface as uplift, while negative volume changes are characterized by subsidence [Mogi, 1958].
The Okada model utilizes ten parameters. The source geometry makes up seven of the
parameters, x, y, z location (longitude, latitude, and depth), strike direction, dip angle, length, and
width, and the last three parameters characterize three-dimensional motion of the dislocation plane
as dip-slip, strike-slip, and opening [Okada, 1985]. Volume change for a dike or sill can be
estimated from this model by multiplying the length, width, and opening values. The x, y, and z
location is defined in this study as center of the top of the dislocation plane. Dip values are
expressed in degrees from horizontal, following the American right hand conventional relationship
to strike (expressed in degrees from north), so that a strike of N90°E is dipping to the south and a
strike of N270°E dips to the north. Two sets of upper and lower boundary inputs were used for the
Okada modeling to aid in efficiency. The first set used a range of strike angles that are associated
with south dipping planes, and the second was a range of strike directions that are related to north
dipping planes. Each set was run as an independent model described above with 1000 Monte Carlo
simulations. Because the focus of this study is on volcanic deformation and tectonic contributions
have been removed, the dip-slip and strike-slip parameters were fixed to zero for all of the Okada
models presented. Smaller, localized faulting most likely occurs in this dynamic volcano-tectonic
environment, but with a lack of surface expressions or direct evidence of sudden offsets in the GPS
data we assume that this effect is minimal compared to effects from changes to the volume of
magma being stored. This results in the assumption that the observed relative deformation is
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directly related to an opening dislocation, requiring magmatic volume changes along a dipping
plane to produce surface displacement. This reduces the degrees of freedom (DOF) in our Okada
models to eight parameters.
The Yang-Spheroid model also requires the input of eight parameters [Yang, 1988]. The
source is defined by the x, y, z location (longitude, latitude, and depth) of the center of the spheroid,
strike of the B axis, dip angle of the A axis, length of the A axis, length of the B axis, and the
pressure change required to produce the observed surface deformation. The Yang-Spheroid model
is defined as a prolate or oblate spheroid, depending on the relationship between the A and B axes.
Our models created a prolate spheroid when the A axis is longer than the B axis and an oblate
spheroid when the opposite is true. The C axis is defined in the model as equal to the smaller axis
to create a true spheroid [Yang, 1988].
The Yang-Ellipsoid model is defined in exactly the same way as the Yang-Spheroid model
with the only exception being the calculation of the C axis. In the Yang-Ellipsoid model the C axis
is calculated using Equation 3.3.

𝑐 = √𝑎" − 𝑏 "

[3.3]

where 𝑎, 𝑏, and 𝑐 are the axis lengths defining an ellipsoid.

Volume change for the Yang-Spheroid and Yang-Ellipsoid models was calculated using
Equation 3.4, following methods used at Long Valley Caldera [Tiampo et al, 2000; Battaglia et
al., 2003; Newman et al., 2006] and Campi Flegrei [Battaglia et al, 2006]. This volume estimation
is most accurately used for ellipsoids that are nearly spheres [Amoruso and Crescentini, 2009] and
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is actually representative of the volume change relative to the mechanical properties of the
surrounding half-space and not the injection volume of a compressible fluid [Dzurisin, 2006].
However, with little information on the compressibility and physical parameters defining the
magma [Rivalta and Segall, 2008] at Akutan volcano we consider this volume estimation to be
adequate for the purposes of this study.

∆𝑉 =

∆,.

𝑎𝑏𝑐

[3.4]

where ∆𝑉 is volume change, ∆𝑃 is pressure change, 𝑎, 𝑏, and 𝑐 are the lengths of the A, B, and C
axes, respectively, and 𝜇 is the second Lamé parameter (shear modulus). ∆𝑃, 𝑎, 𝑏, and 𝑐 are
estimated from the Yang-Spheroid and Yang-Ellipsoid models, while 𝜇 was fixed to 1 GPa for all
models [Davis et al., 1974; Rubin and Pollard, 1988; Bonnaccorso, 1996; Dzurisin, 2006].

3.4 Results
3.4.1 Volcanic deformation
Spatial maps of calculated volcanic displacements for all time periods are shown in Figure
3.3, and capture the complicated temporal evolution of surficial deformation at Akutan. The two
periods of inflation (2008 and 2014) [Fig. 3.3 and Tables S3.3 and S3.5] are apparently significant
when compared to the deformation pre-2008, 2009-2013, and post-2014 [Fig. 3.3 and Tables S3.2,
S3.4, and S3.6] and dominate the overall signal [Fig. 3.3 and Table S3.7]. The deformation for
these 2008 and 2014 events reveal similar magnitudes of both horizontal and vertical deformation
and radial horizontal spatial patterns around the summit of Akutan, with maximum uplift on the
north flank of the volcano. The similarities between the two events suggests that the mechanism
responsible for this deformation is likely the same and the same source has undergone multiple
episodes of magma injection.
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The pre-2008 data [Fig. S3.3] has strong horizontal motions to the east, with subsidence
on the west flank of the volcano and uplift everywhere else. Subsidence is indicative of cooling or
contraction of a magma source and occurs in the region of the observed 1996 ground cracks. The
2009-2013 deformation [Fig. 3.3] on the southern and western flanks of the volcano is small and
randomized. The north side of the island, however, retains similar magnitudes and directions in
both the vertical and horizontal motion as seen in the inflation events, potentially indicating that
there is either a constant source on the north side of the island, or additional shallow processes
related to geothermal energy could be contributing to a more localized signal. Deformation after
the 2014 event [Fig. 3.3] appears to have systematic uplift island wide and southwestward motion
isolated on the southwest flank of the volcano with little to no signal across the rest of the volcano.
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Figure 3.3. Calculated volcanic displacement at 12 GPS sites for six different time periods. An
estimation of tectonic velocity and reference frame contribution have been removed from the raw
horizontal data. Blue arrows are total horizontal displacements and green arrows are total vertical
displacements for each time period. Scale applies to both vertical and horizontal displacements.
Note the occasional change in scale.
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3.4.2 Statistical significance
WRSS values are calculated from the inversion of the calculated volcanic deformation for
each of the four models [Appendix B3]. However, since the models have different DOF, these
WRSS values cannot be directly compared. The Okada, Yang-Spheroid, and Yang-Ellipsoid
models, have eight parameters, as opposed to the four parameters in the Mogi model, so it is
expected that the best fit would come from the model with more DOF. In order to assess which
model is statistically significant, an experimental F-test was calculated [Equation 3.5] between the
Okada, Yang-Spheroid, and Yang-Ellipsoid WRSS values with the Mogi model WRSS during
each time period [Appendix B3] following methods described by Dzurisin et al. [2009].

𝐹/01/ =

(3455! 6 3455" )/(:! 6 :" )
3455" /(;6 :" )

[3.5]

where WRSS is the weighted residual sum of squares for model 1 and model 2, p is the number
of model parameters, and N is the number of data, in this case either 36 or 33 depending on the
data set [Appendix B3].

If the Fcalc value is greater than the critical value for the Fisher-Snedecor F distribution,
with a desired rejection probability of alpha, where Fcrit is defined as Fp2-p1, N-p2, α, then the smaller
WRSS obtained with a more complex model is statistically significant [Dzurisin et al., 2009]. Fcrit
for alpha values of 0.05 and 0.01 (95% and 99% confidence) are presented in Tables B3.5-B3.7,
and show that with 99% confidence we can say for all time periods, except for all and pre-2008,
the Yang-Spheroid model is the best fit. The Yang-Ellipsoid remains the statistically best fit model
for the all and pre-2008 time periods.
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3.4.3 Best fit models
For all of the time periods the Yang-Spheroid proves to be the statistically significant best
fit, with the exception of the all and pre-2008 data, where the Yang-Ellipsoid fits best [Appendix
B3 and Table 3.4]. For all time periods the best fit models locate the center of the ellipsoid just
northeast of the caldera rim at depths of 7.5 to 9.3 km below sea level, though the pre-2008 model
is shifted to the southeast. The lengths of the axes of the ellipsoid and change in pressure vary from
0.5 – 13 km and 18 – 61,012 kPa, respectively. The 2008 event, 2009-2013, and the 2014 event
are all striking to the southeast, therefore dipping to the southwest. The all, pre-2008, and post2014 time periods are oppositely characterized as striking to the northwest and dipping to the
northeast. All of the models have fairly steep dips of 60° – 70° below horizontal, except for the
pre-2008 Yang-Ellipsoid model that has a shallow dip of ~30° [Table 3.4]. Another inconsistency
between models is the general shapes. The 2009-2013 and 2014 events are almost spherical, the
2008 event and post-2014 data are fit by an oblate spheroid, and pre-2008 and all data sets are
prolate.
The model predictions [Fig. 3.4] show similar patterns and magnitudes to the calculated
volcanic deformation [Fig. 3.3]. This is even more evident when the residuals are considered [Fig.
3.5]. The horizontal residuals are noticeably small and randomized, while the vertical residuals are
larger and often systematic near the volcano, but get smaller and more randomized moving east
across the island. When the sources are compared in a depth profile and map view [Fig. 3.6] the
similarities become clearer and the geometric consistency with which the 2008 event, 2009-2013,
and 2014 events occur highlights the validity of these inflation events, while the all, pre-2008, and
post-2014 data sets are fit by different models with unrealistic parameters. While the larger
deformation events are fit by compact source models of similar shapes and sizes, the time periods
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with a very small signal (pre-2008 and post-2014) are fit by very large models with small changes
in pressure. The all, pre-2008, and post-2014 data show that the depth, volume, and pressure
change are not stable in the inversion when the deformation is either a large averaged signal (all),
or very small signal (pre-2008 and post-2014). Isolating these parameters when the dataset is
averaged or very small, would require better definition of the physical constraints regarding the
source depth, volume, or pressure change.
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Figure 3.4. Displacement estimates resulting from the best fit Yang-Spheroid models for five
different periods of GPS data at Akutan Island. The all and pre-2008 data is best fit by a YangEllipsoid model and the results are shown here. Blue arrows are total horizontal displacements and
green arrows are total vertical displacements for each time frame. Red stars indicate the location
of the center of the spheroid or ellipsoid. Note the occasional change in scale.
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Figure 3.5. Residuals between calculated volcanic deformation data and model estimates for six
different periods of GPS data at Akutan Island. Blue arrows are total horizontal displacements and
green arrows are total vertical displacements for each time frame. Red stars indicate the location
of the center of the spheroid or ellipsoid. Note the occasional change in scale.
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Figure 3.6. Source locations for each of the best fit models in each time period in map view (top)
and in three dimensions looking from northwest to southeast (bottom). All is in black, pre-2008 is
purple, 2008 is yellow, 2009-2013 is blue, 2014 is red, and post-2014 is green. The model
parameters can be found in Table 3.1.
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3.4.4 Restricted input Yang-Spheroid models
The pre-2008, and post-2014 data sets all have relatively small displacements, which make
them more difficult to model in general. To test whether the best fit parameters for these models
were realistic, or if there was a constant spheroid geometry and orientation that is just undergoing
episodic injection, these data sets were inverted again using a restricted range for upper and lower
input boundaries. Because the 2008 event had the largest associated deformation and the 2014
event was geometrically similar with changes only in amount of volume injected, these parameters
were used as a basis for the new model [Table 3.5]. We are interested in exploring the change in
magma volume with time, so the longitude, latitude, depth, axes lengths, strike, and plunge angles,
were restricted to the range of the 2008 and 2014 events, so that the pressure change (and thus
volume change) could vary with time, allowing for magma flux in four dimensions, while fixing
the general location and orientation of one constant source mechanism.
A restricted input Yang-Spheroid model was created with upper and lower parameter
boundaries of ~1-3.6 km for length of the axes, 7.3 - 8 km for depth, 60° – 70° from horizontal dip
angle, N160°E – N190°E strike direction (implying all dips are to the south), -165.957° E to 165.952° E longitude, 54.147° N – 54.152° N latitude, and pressure change was left open at 0 –
100000 kPa. This modeling was run following the same procedures used for the original inversion
of data described in section 3.3.3.
Because the input parameter range [Table 3.5] is restricted, all of the models hold similar,
oblate spheroid geometries and locations [Table 3.6]. The all, 2009-2013, and post 2014 models
are fit on the upper bound of depth at 8 km bsl, while the pre-2008 and 2014 event are on the lower
depth boundary of 7.3 km bsl. The pressure changes, however, show an interesting progression,
especially when calculated in terms of magma volume change, indicating the 2008 event was larger
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than the 2014 event. When the independently estimated volumes for each time period are summed,
they are equal to the estimate of the all data set (0.2 km3). While the models for the all, 2008, 20092013, and 2014 data sets all produce deformation magnitudes and spatial patterns [Fig. 3.7] similar
to the best fit models [Fig. 3.4], the pre-2008 and post-2014 deformation is visually different, with
more radial horizontal patterns and larger, asymmetric vertical deformation that is largest on the
northern flank of the volcano in these restricted in put models [Fig. 3.7], rather than a constant,
smaller vertical prediction island wide for both of the data sets best fit models [Fig. 3.4].
Logically, the residuals for these restricted input parameter models have a similar
relationship with the best fit models as the predictions do. The residuals for the all, 2008, 20092013, and 2014 data all remain small and randomized [Fig. 3.8], like the best fit model residuals
[Fig. 3.5]. The pre-2008 residuals [Fig. 3.8], however are much larger and have a spatial pattern
that looks to be related to the tectonic estimate, in a systematic shift to the east. While the post2014 residuals [Fig. 3.8] are still randomized, they are larger than the best fit model residuals [Fig.
3.5] by a few millimeters. The residuals for both of these time periods strongly resemble the
calculated volcanic displacement [Fig. 3.3].
Comparison of the WRSS values for the original best fit models [Table 3.4] and these
restricted input inversions [Table 3.6] shows that while these models are a worse fit to the all, pre2008, 2009-2013, and post-2014 data sets, it is not a drastic change. The 2008 inflation event does
not have an increased WRSS, as expected because the parameters are restricted according to the
best model, and the 2014 event has only a minor increase in the WRSS.
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Table 3.6. Model results from the best fit Yang-Spheroid model, when the initial parameters were restricted to the 2008/2014
best fit models [Table 3.4]. Estimated values have the same geometric relationship as previously described in Table 3.3.
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Table 3.5. Range of input parameters for the restricted input Yang-Spheroid model. Description of model parameters can be
found in Table 3.3.

Figure 3.7. Displacement estimates resulting from the restricted input Yang-Spheroid models for
six different periods of GPS data at Akutan Island. Blue arrows are total horizontal displacements
and green arrows are total vertical displacements for each time frame. Red stars indicate the
location of the center of the Yang-Spheroid. Note the occasional change in scale.
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Figure 3.8. Residuals between observed data and restricted input Yang-Spheroid model estimates
for six different periods of GPS data at Akutan Island. Blue arrows are total horizontal
displacements and green arrows are total vertical displacements for each time frame. Red stars
indicate the location of the center of the Yang-Spheroid. Note the occasional change in scale.
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3.5 Discussion
3.5.1 Interpretation of deformation at Akutan
From our analysis, it is clear that two inflation events occurred at Akutan in 2008 and 2014.
These events are believed to be occurring at one consistent source located under the northern flank
of the volcano, with the 2008 event resulting from a larger injection of magma (0.08 km3) than the
2014 event (0.06 km3). There is no deflation after the 2008 event, so we assume that this larger
injection of magma is being stored at a depth 6-9 km bsl, and the 2014 event signifies an additional
pulse of magma. With no eruption occurring in either event, and no deflation happening in the
post-2014 time frame it appears that Akutan is capable of storing large amounts of magma (0.2
km3), at intermediate depths (~6-10 km). The source appears to have a smaller, constant influx of
magma during the time between these two events (2009-2013) because the magnitude of
deformation and the associated volume change (0.04 km3) during this time is smaller than either
event, yet still considerable. The spatial inconsistency of the observations, lacking any sort of
systematic gradational pattern expected to be associated with volcanic deformation infers that the
physical reality of the estimated model parameters during this interim time is not significant. The
parameters, however, remain somewhat consistent and the residuals are small and random for both
the open input and restricted input Yang-Spheroid models during the two events and the time
period between them [Figs. 3.5 and 3.8 and Tables 3.4 and 3.6]. We consider these models to
represent a realistic migration of magma to a shallow, oblate spheroidal, storage chamber on the
northern flank of Akutan volcano, from the resulting parameters defined through inversion of the
calculated volcanic deformation GPS data.
The data sets for the pre-2008 event and post-2014 event suggest that different processes
occurred during those time periods. In the pre-2008 data we observe a small amount of subsidence
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on the western flank of the volcano, with larger uplift in the northern and eastern regions and
general horizontal motion to the northeast island-wide [Fig. 3.3]. This deformation is not easily
modeled using the methods implemented here, but the small area of subsidence in the west is
believed to be associated with the crystallization and cooling of the shallow intrusion that has
resulted in the ground cracks mapped in 1996. The horizontal magnitude is large enough to model,
but the motion and pattern is most likely related to our estimated tectonic motion, as it is almost
equal and opposite to the motion subtracted. The post-2014 observations [Fig. 3.3] resemble radial
Mogi deformation, except that there is no systematic gradient in the vertical magnitude, and the
magnitude of the horizontal deformation increase away from the center.
The residuals for the best fit models during each of the time periods vary in magnitude, but
remain randomized in the vertical and most noticeably in the horizontal. Because the horizontal
residuals are generally quite small (< 5 mm) they are not used in any additional modeling efforts,
and the source interpretation is simply a one mechanism source.
The total data available for each site was modeled throughout this study, but as the complex
temporal nature of the deformation of Akutan became clear, this data set became obsolete in our
assessment of the change in source volume with time. The total data model results are clearly
dominated by the 2008 and 2014 inflation events, but are also influenced by the trends surrounding
those events and therefore do not accurately reflect the nature of the individual processes taking
place at any particular time period. The volume for each of these data sets is calculated from the
pressure change and axes lengths parameters and the change in pressure and change in volume
cannot be linearly related. However, the magnitude of this overall data set did provide an additional
check on the volume estimations, in that the estimated volume for this all data set (0.2 km3) was
equal to the sum of the individually calculated volumes for each time period.
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3.5.2 Comparison of GPS deformation and seismic velocity inversions
Syracuse et al. [2015] present seismic relocations and tomography [Figs. 3.9 and 3.10]
beneath Akutan volcano with additional interpretation based on their inversions and the geodetic
work by Lu et al. [2000], Ji and Herring [2011], and Lu and Dzurisin [2014]. The seismic
relocations and tomography are the result of the simultaneous inversion of seismic events using
the program TomoDD [Zhang and Thurber, 2003; Zhang and Thurber, 2006]. The interpretation
provided in their study involves a cracked and cooler vertical conduit through which episodic
injections are transferred from the bottom of the crust to a storage system located at 7-10 km depth,
causing associated deeper seismic swarms. This injected magma is then stored in the upper crust,
below the center of the caldera, creating the observed aseismic zone of hot partially melted magma.
Shallow regions beneath the caldera are interpreted to represent highly fractured vertical diking
systems created when failed eruptions cooled at shallow depths of around 4 km, which they relate
to the deformation modeled by Ji and Herring [2011]. Their interpretation is slightly deeper than
the main location of magma accumulation proposed by Lu and Dzurisin [2014] of 5 – 7 km depth,
but the presence in their model of a deeper magma migration zone is generally consistent with the
13 km depth Mogi source estimated by Lu et al. [2000]. The failed eruption on the western flank
of the volcano, modeled as a shallow dike by Lu and Dzurisin [2014], does not appear to correlate
with any of the relocated seismic events. Instead the earthquake activity during 1996 is centered,
not on the volcano, but farther east closer to the village of Akutan, at very shallow depths that
suggest geothermal activity [Fig. 3.9, grey area 1].
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Figure 3.9. Earthquake relocations from Syracuse et al. [2015] are colored according to depth. The
best fit Okada model of Lu et al. [2000] is indicated with a yellow line, and the best fit Mogi model
of the same work [Lu et al., 2000] is indicated with an open blue circle with error bars. The purple
oval is the source location of the best fit Yang-Spheroid model for the 2008 and 2014 events. The
fourth grey outlined area identified by Syracuse et al. [2015] as an area where microseismic, lowfrequency temporally brief seismic swarms occurred between 2003 and 2009, which are often
indicative of magma transport. Descriptions of the grey areas can be found in section 3.1. Figure
modified from Syracuse et al. [2015].
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Figure 3.10. Change in P and S wave velocity profiles from west to east across Akutan Caldera
estimated by Syracuse et al. [2015]. Red areas indicate slower velocity, corresponding to hotter,
less dense material, while blue areas indicate cooler, solid, dense areas. Earthquake relocations
obtained using TomoDD are plotted by size according to magnitude, and by color according to
year and the derivative weighted sums [Thurber and Eberhart-Phillips, 1999] contours are in
orange, indicating the better sampled regions. The purple ellipses represent the best fit YangSpheroid model that was estimated using the restricted input ranges. Figure modified from
Syracuse et al. [2015].
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We plot the approximate oblate spheroidal geometry and orientation for our best fit,
restricted input, Yang-Spheroid model with the plot of seismic relocations [Fig. 3.9] and change
in seismic velocity [Fig. 3.10] presented by Syracuse et al. [2015]. When the geometry of the
spheroid is projected to the surface, we see that the top of the magma source defined in this study
falls into the region just northeast of the caldera and the shallow earthquakes. This projection
shows that while the spheroid does not extend down, it is dipping to the southeast, towards the
deeper earthquakes that are outlined in the fourth region defined by Syracuse et al. [2015] [grey
area in Fig. 3.9] described in the introduction of this paper. This deep cluster of seismic events that
occurred between 2002-2008 [Fig. 3.10] are described by Syracuse et al. [2015] as being M0.2 –
2.3 with no particular similarities in their waveforms, but the majority of which are low frequency
events. This characterization of seismic events is often associated with the transport of magma
[Aki and Koyanagi, 1981] and similar clusterings of this nature have been observed at other
Aleutian volcanoes; Mount Spurr, Aniakchak, Pavlof, and Katmai complex [Power et al., 2004].
The locations of these earthquakes and nature of their waveforms was the basis behind the
interpretation of Syracuse et al. [2015], that there is episodic injection associated with these types
of seismic signals. The pattern and depth of this interpretation is supported by the models we have
presented here.
When we compare the change in seismic velocities estimated from the TomoDD inversion
with our Yang-Spheroid model parameters in cross section [Fig. 3.10] we observe excellent spatial
correlation between these two independent sets of data and models. The change in p-wave
velocities [top panel, Fig. 3.10] indicate a hot finger extending beneath the volcano at depths of 710 km where Syracuse et al. [2015] interpret the hot, partially melted, aseismic, magma storage to
be located. Our depths of ~6-9 km support this interpretation and tie nicely into the seismic
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relocation data. This pattern continues in the middle plot of Figure 10, where we see the change in
s-wave velocity values of 0, again indicating a mush setting where it is viscous enough that swaves are not propagating, and even with the coarser resolution of the surface wave data we see
the same relationship between hot, partial mush regions between 7-10 km and the cooler more
solidified area at shallow depths. The schematic of the interpretation of Syracuse et al. [2015] [Fig.
3.10, bottom panel], clarifies their analysis of seismic data and allows us to show the excellent
agreement between their study and the work presented here.
3.5.3 Volume time-series at Akutan
The method implemented here, of splitting the GPS data into five distinct time periods
allows us to further define not only the geometry and orientation of magma transport and storage
at Akutan volcano, but to also estimate volume change with time [Fig. 3.11]. When a restricted
input Yang-Spheroid model is used to estimate volume change through time (of the five time
periods defined in this study) we see an overall accumulation of magma that amounts to 0.2 km3
[Fig. 3.11]. There has not been any deflation at Akutan over the duration of this study. This means
that this volume of magma, 0.2 km3 is still stored between 6 and 9 km depth below the northern
flank of the volcano.
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Figure 3.11. Time-series evolution of volume change at Akutan volcano, with black dashed lines
indicating the time periods defined in this paper (and noted by numbers 1-5). The slight deflation
of the pre-2008 (1) data is evident at the beginning of this plot (0.00003 km3). The 2008 event (2)
shows the greatest amount of volume change, and while there is a steady flux (0.04 km3) in the
2009-2014 time period (3) it is nowhere near the volume added during the shorter time periods of
2008 and 2014 (0.08 km3 and 0.06 km3, respectively). The 2014 inflation (4) ends abruptly in
2015 (5) and an increase in volume of only 0.02 km3 is estimated since the 2014 event occurred,
for a total accumulated volume 0f ~0.2 km3.

3.5.4 Conceptual model
Based on our best fit modeling result, and its spatial relationship to seismic events and
velocities we hypothesize that the surface deformation associated with the 2008 and 2014 inflation
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events is a result of an increase in magma volume to a centralized, long-term storage area under
the north flank of the volcano. We interpret the results from the Yang-Spheroid model not as a
representation of the entirety of a source chamber, but rather the active “stress-cap” to a larger
region of magma and partial mush. This hypothesis is supported by the location of the earthquakes
associated with the 2008 inflation period [Fig. 3.12]. When these two independent studies are
plotted together it is clear that the southern vertex of our oblate spheroid coincides with a small
cluster of seismic activity during 2008. There is also a clear generalization, that seismic activity is
much denser directly above our model and there is a notable void of activity directly below, again
supporting our interpretation that our best fit model represents the ceiling of a larger source feature.
The two 3D plots in Figure 3.12 show the dynamic spatial relationship of seismicity through time
and the best fit Yang-Spheroid model from the perspective of the southeastern corner looking to
the northwest [Fig. 3.12, top] and from the south perspective looking obliquely to the north [Fig.
3.12, bottom]. Our interpretation of this oblate spheroid as the stress cap of a chamber and not the
chamber itself also makes it possible to envision the storage required to produce episodic,
accumulating inflation, like that seen in 2008 and 2014. Because this inflation did not result in an
eruption, and there has been no observed large scale subsidence that would be caused by a decrease
in volume, we can only assume that sudden pulses cause uplift that is then maintained as the
additional volume is stored in this large hot area of partial melt.
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Figure 3.12. Three-dimensional plot of best fit Yang-Spheroid model, with relocated seismic
events from Syracuse et al. (2015). Seismic events are organized into the time periods used for the
GPS data, with the entirety of the data set (1996-2009) provided by Syracuse et al. (2015). The top
image is an oblique view from the southwest looking towards the northeast of the spheroid’s
profile, with the clear view of the 2008 seismic events relocated to the top southern vertex of the
spheroid (red cluster). The bottom image is of the same dataset, from the south perspective of
looking north. This view looks straight down the axis of the spheroid.
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The evolution of this episodic inflation towards an eruption is not well understood, and the
most recent indicator of eruptive processes at Akutan Volcano is the 1996 failed event. The
subsidence on the western flank of the volcano that is evident in the model residuals and modeled
by Lu and Dzurisin [2014], suggests that this area is indeed still contracting from a shallow
intrusion that did not quite reach the surface. This contraction is most likely an effect of
crystallization and cooling processes indicating that there was a large amount of heat flow to
shallow depths in 1996. While this heat is associated with magma transport on the western flank
of the volcano, in the east, this potential heat flux produced a swarm of shallow seismic activity
that is indicative of increased hydrothermal interactions. The complicated relationship between
thermodynamic properties and volume change associated with magma transport and eruptive
activities is not well defined. The inflation episodes defined in this study, however, indicate that
Akutan Volcano is capable of large amounts of episodic injection of magma at intermediate depths,
that do not increase heat flux to the shallow geothermal regime that interacts with ground water.
The island wide increase in shallow geothermal energy, seen in 1996, could potentially be used as
an indicator of imminent eruptive activity, especially when associated with inflation events like
those observed in 2008 and 2014.
3.6 Conclusions
We have presented an analysis of GPS deformation data at Akutan volcano through
inversion of continuous GPS data over six time intervals for source volume change evolution.
Volcanic deformation was isolated from the active tectonic displacements that are a fundamental
factor when studying deformation in the Aleutians, by subtracting the horizontal components of a
GPS site assumed to be far enough from the volcano that volcanic processes are not a component
of its measured deformation. The inversion of this volcanic deformation through time produced an
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oblate spheroid of magma storage centered on the northern rim of the caldera, between the depths
of 6-9 km, with axes of ~1-4 km, a strike of ~N160°E, and steep dips of ~60° from the horizontal
extending southward beneath the caldera of the volcano. We conclude that this region represents
the stress-cap on top of a much larger area of magma storage below, that experienced a large
injection of magma (0.08 km3) over a year and a half in 2008 that was preceded by deeper seismic
events (10 – 27 km) analyzed by Syracuse et al. [2015]. A period of slower inflation that created
measurable surface deformation then followed from 2009-2013 before another, smaller (0.06 km3),
inflation event began in 2014, in the same location as the 2008 event. The GPS deformation
observed here did not indicate any deflation occurring since the start of the 2008 event, so the total
volume injected (0.2 km3) remains stored, likely preserving an established shallow storage of hot,
partially melted, aseismic environment observed from the tomographic analysis of body and
surface wave velocities [Syracuse et al., 2015]. We are not able to accurately model the data
following this 2014 inflation or before the 2008 event due to the small magnitudes of deformation.
Additional data collection in the future should allow for better estimates of source parameters and
magma volume evolution, and futures studies of the post-2014 time period can continue the timeseries analysis of deformation, source parameter, and magma volume change evolution at Akutan
volcano.
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APPENDIX A

To better assess the validity of the tectonic estimate removed from the GPS data, this
estimate was made using three different methods, and then removed two different ways. The
purpose is to find the most stable tectonic estimate using GPS sites that are not contaminated by
volcanic signals. Site AV15, on the eastern peninsula of Akutan island is the closest site that could
provide a tectonic estimate. This site is approximately 20 km from the summit of Akutan volcano,
so that any volcanic influence is expected to be minor, especially when compared with regional
tectonic motion. Outside of Akutan island the neighboring island to the southwest, Unalaska [Fig.
A3.1], provides the best opportunity for a tectonic estimate that would be valid at Akutan Island,
yet not influenced by Akutan volcano. There are five available continuous GPS sites on Unalaska
(AV09, DUTC, MAPS, MREP, and MSWB). Total velocity at each site was estimated using the
velocity model and methods described in section 3.3.1. Additionally, a linear least squares method
(weighted by the uncertainty of each measurement) was used to obtain an average velocity and
uncertainty for all of the continuous sites on Unalaska, this averaged velocity is referred to here as
“weighted mean” [DeGrandpre, 2015]. Three of the sites (MAPS, MREP, and MSWB) are located
on the western flanks of Makushin volcano, and site AV09 has visibly noticeable noise, so site
DUTC was also used separately as an estimate, to compare the potential input from Makushin
volcano.
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Akutan Island

Makushin Volcano

Unalaska Island

Figure A3.1. Location map of Akutan island, Unalaska island, Makushin volcano, and all
continuous GPS sites available on Unalaska (DUTC, AV09, MREP, MAPS, and MSWB). For a
sense of scale the GPS sites on Akutan are also listed to show the dense network available in
comparison to neighboring islands.

Each of these three sets of data were then used two different ways to calculate volcanic
deformation, with tectonic estimates being removed from only the horizontal (east and north)
components, or by removing the tectonic estimate from all three components (east, north, vertical).
The velocities for all available data for the weighted mean and DUTC estimates were used, but for
the AV15 calculations, individual velocities from each of the five time periods defined in this study
are used. The velocity estimations at AV15 were split up into the same time periods as the GPS
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observations in an effort to minimize unknown errors related to variable rates of tectonic motion
and potential residual volcanic signals. This reduces theses errors to systematic errors during each
time period on Akutan island. This is not done for the Unalaska sites, because they are far enough
from Akutan volcano that there should be no effect, and rather are potentially being effected by
Makushin volcano. The Unalaska sites could also have slightly different changes in tectonic
motion, so an overall average is the simplest way to characterize the tectonic estimate using these
sites.
Each of these six data sets (weighted mean horizontal only, weighted mean all components,
DUTC horizontal only, DUTC all components, AV15 horizontal only, AV15 all components) were
modeled using the four models (Mogi, Okada, Yang-Spheroid, Yang-Ellipsoid) described in this
study for each of the time periods (all, pre-2008, 2008, 2009-2013, 2014, post-2014). Only the best
fit results are presented here for the 2008 and 2014 inflation events, because the other time periods
are further discussed in the main paper as not being significant enough to define a best fit model.
The best fit model was established using a series of F-tests following Equation 3.5 and Appendix
B3 [Table A3.1]. Each of the data sets were best fit by a Yang-Spheroid model, for both the 2008
and 2014 inflation events. Because each tectonic estimate is different the WRSS between these
data sets cannot be directly compared, and instead, to support the hypothesis that Akutan volcano
is experiencing episodic inflation, we look for similarities in one data set between the 2008 and
2014 events [Fig A3.2].
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Table A3.1. WRSS values for each model during each time period using each of the six data sets.
Values in bold and highlighted in yellow are the statistically significant best fit model according
to F-tests performed following Equation 3.5 in section 3.3.1. Total number of best fit model types
are indicated in the last row, showing that regardless of the data used, the Yang-Spheroid model
is the best fit for both the 2008 and 2014 episodes of inflation.

Tectonic Estimate

Model

Mogi
Weighted Mean –
Okada
Horizontal Only
Yang-Ellipsoid
Yang-Spheroid
Mogi
Weighted Mean –
Okada
All Components Yang-Ellipsoid
Yang-Spheroid
Mogi
DUTC –
Okada
Horizontal Only
Yang-Ellipsoid
Yang-Spheroid
Mogi
DUTC – All
Okada
Components
Yang-Ellipsoid
Yang-Spheroid
Mogi
AV15 –
Okada
Horizontal Only
Yang-Ellipsoid
Yang-Spheroid
Mogi
AV15 – All
Okada
Components
Yang-Ellipsoid
Yang-Spheroid
Mogi
Okada
Totals
Yang-Ellipsoid
Yang-Spheroid

All
1260.91
1014.93
942.02
901.8
1260.91
988.52
784.28
642.79
1507.49
1479.85
1256.12
1154.97
1611.38
872.45
840.54
457.03
1448.5
1008.14
808.51
809.15
1129.65
757.36
592.42
360.94
2
1
3

Pre-2008
18.03
7.54
8.51
8.12
18.03
7.48
8.31
8.1
18.25
9.09
9.77
9.02
16.88
8.5
9.03
8.83
55.77
10.64
7.33
8.86
59.6
16.77
7.91
9.06
2
2
2
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Time Period (WRSS)
2008
2009-2013
3.23
66.85
1.22
27.11
1.02
26.37
0.97
26.01
3.23
66.89
1.53
42.26
1.15
42.61
1.1
29.14
2.77
78.48
1.29
63.67
1.23
62.85
1.22
65.14
2.82
46.21
1.55
49.72
1.33
44.01
1.32
42.56
3.5
42.04
1.38
18.32
1.19
12.98
1.14
12.22
3.82
49.84
1.64
19.17
1.33
14.33
1.27
12.27
1
1
6
4

2014
5.79
1.76
1.62
1.46
5.79
2.15
1.95
1.75
3.21
1.42
1.26
1.13
3.85
1.78
1.53
1.19
5.11
2.17
2.11
1.35
5.75
2.73
2.56
2.48
6

Post-2014
9.07
4.19
4.38
6.01
9.08
4.79
4.73
6.04
5.14
4.02
4.36
4.36
6.01
4.53
4.77
4.45
10.63
6.44
6.21
1.85
11.53
7.2
7.14
5.57
1
3
2

Figure A3.2. Comparison of best fit models for each of the six data sets during the 2008 (top) and
2014 (bottom) inflation episodes. From Table A1 it is clear that the Yang-Spheroid best fits these
events, so all of the models pictured here are created using the Yang-Spheroid model.
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While these tectonic estimates are small, the effects of their variation can be seen when the
best fit models for each inflation are plotted together [Fig. A3.2]. In Figure A3.2 the AV15 data,
regardless of vertical adjustment, for the 2008 event are almost identical. To better understand the
dynamics of the effect these tectonic estimates have on the model inversion we then compare the
2008 and 2014 events for each data set [Fig. A3.3]. It is clear that for each data set, incorporating
a vertical estimate results in a larger geometric estimate for the 2008 event [Fig. A3.3 and Table
A3.2]. It is also clear that the 2008 and 2014 events in the data sets that utilized GPS site DUTC
have more variation than the other tectonic estimates [Fig. A3.3 and Tables A3.2 and A3.3]. The
models that are fit to data that used the weighted mean of sites on Unalaska Island as the tectonic
estimate exhibit two characteristics that dissuaded us from using it in the final modeling analysis.
First, the volume change and size of the 2014 event is larger than the 2008 event in the data that
only removed a tectonic estimate from the horizontal components [Fig. A3.3 and Tables A3.2 and
A3.3]. Second, removing a vertical tectonic estimate resulted in dramatically different models,
indicating that there are other factors contributing to this data set in at least the vertical, and
potentially the horizontal. The AV15 tectonic estimate results in a larger change in volume during
the 2008 than the 2014 event regardless of whether the vertical adjustment is made. Because of
this stability in model results when using the AV15 data it is the tectonic estimate that is used for
further modeling and interpretation in this study. The vertical velocity at AV15 was not subtracted
from observed GPS velocities, because the assumption is that any vertical motion is a result of
volcanic deformation and not tectonic deformation, and the larger range of variability between
events when the vertical is adjusted is most likely an exaggeration.
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Figure A3.3. Comparison of the 2008 and 2014 best fit source models for each data set. The
parameters for these models can be found in Tables A3.2 and A3.3. Note the different orientation
meant to maximize the viewing angle for each data set.
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Latitude

-165.953
-165.954
-165.946
-165.948
-165.953
-165.953

54.152
54.153
54.155
54.156
54.151
54.151

7.2
6.6
8.2
5.8
7.7
7.0

3085.5
325.7
15191.6
2396.8
4008.7
360.9

(kPa)

Depth Pressure

(dec. deg. E) (dec. deg. N) (km)

Longitude

1.4
4.1
1.0
2.0
1.3
3.9

Length of
A Axis
(km)
3.5
3.4
0.9
1.7
3.4
3.3

160.4
160.5
186.2
186.8
165.2
165.4

62.1
55.9
75.6
50.5
63.7
57.9

0.07
0.05
0.04
0.04
0.08
0.05

0.97
1.10
1.22
1.32
1.14
1.27

Length of
Strike
Plunge
Volume
B Axis
WRSS
(km)
(deg. from N) (deg. from horz.) (km3)

Longitude

Latitude

(kPa)
210.8
8077.6
41605.7
21760.2
591.0
20538.4

Depth Pressure

(dec. deg. E) (dec. deg. N) (km)
Weighted Mean - Horizontal Only
-165.974
54.145
8.6
Weighted Mean - All Components
-165.969
54.148
4.8
DUTC - Horizontal Only
-165.963
54.151
4.0
DUTC - All Components
-165.963
54.150
3.7
AV15 - Horizontal Only
-165.965
54.148
7.6
AV15 - All Components
-165.956
54.146
7.9

Data

2014 Best Fit Yang-Spheroid Parameters

(km)
3.7
1.4
0.8
0.9
2.8
0.8

(km)
3.2
1.4
0.8
0.9
2.4
0.7

Length of Length of
A Axis
B Axis

Plunge
(deg. from N) (deg. from horz.)
138.1
61.6
329.6
65.4
333.3
66.4
334.0
69.2
149.8
63.9
181.7
65.9

Strike

(km )
0.03
0.07
0.06
0.04
0.03
0.02

3

Volume

1.46
1.75
1.13
1.19
1.30
2.48

WRSS

Table A3.3. Best fit parameters for each data set during the 2014 event. All parameters correspond to the results from the YangSpheroid model. The WRSS values of each data set cannot be directly compared, but the geometric parameters for tall of the
datasets converge on almost spherical axes lengths.

Weighted Mean - Horizontal Only
Weighted Mean - All Components
DUTC - Horizontal Only
DUTC - All Components
AV15 - Horizontal Only
AV15 - All Components

Data

2008 Best Fit Yang-Spheroid Parameters

Table A3.2. Best fit parameters for each data set during the 2008 event. All parameters correspond to the results from the YangSpheroid model. The WRSS values of each data set cannot be directly compared, but the geometric parameters for the weighted
mean and AV15 horizontal only data sets are similar, as is the respective data when all components are used.

APPENDIX B

Best fit model parameters for each time period using each of the four deformation models
were estimated [Tables B3.1-B3.4] by minimizing the calculated WRSS through a linear least
squares inversion. An F-test was used to determine which of these models produced the statistically
significant best fit to the deformation data [Tables B3.5-B3.7]. F-tests were not performed between
the Okada, Yang-Spheroid, and Yang-Ellipsoid models because they do have the same number of
parameters (eight DOF) so their WRSS values can be directly compared. The statistically
significant best fit models are highlighted in yellow and presented in Table 3.4. Theses best fit
models are created using the input parameter ranges defined in Tables 3.1-3.3 and following
methods described in section 3.3.1.
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Table B3.1. Best fit Mogi model parameters. Descriptions of these parameters can be found in
section 3.3.3.

Longitude

Latitude

(dec. deg. E)

(dec. deg. E)

(km)

(km3)

All

-165.942

54.161

8.7

0.019

1448

Pre 2008

-165.940

54.195

0.1

0.0002

56

2008

-165.950

54.156

5.1

0.004

3

2009-2013

-165.954

54.161

5.3

0.002

42

2014

-165.955

54.154

3.9

0.002

5

Post 2014

-165.938

54.091

9.0

0.005

11

Data
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Depth Volume

WRSS
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8.5
15.0
0.5
1.5
0.6
15.0

All
Pre 2008
2008
2009-2013
2014
Post 2014

1.1
15.0
3.7
1.0
3.1
12.9

Width
(km)
11.2
14.3
9.4
8.9
8.6
15.0

Depth
(km)

All
Pre 2008
2008
2009-2013
2014
Post 2014

Data

Latitude

Length of Length of
Strike
Plunge
A Axis
B Axis
(kPa)
(km)
(km)
(deg. from N) (deg. from horz.)
36959.5
6.4
0.5
292.5
60.9
22.5
12.8
11.7
282.1
56.3
4008.7
1.3
3.4
165.2
63.7
34.9
4.9
4.3
136.6
57.6
591
2.8
2.4
149.824
63.857
165.6
3
8.8
282.6
61.5

Depth Pressure

(dec. deg. E) (dec. deg. N) (km)
-165.973
54.154
7.9
-165.946
54.125
15
-165.953
54.151
7.7
-165.966
54.155
8.6
-165.965
54.148
7.6
-165.949
54.149
9.3

Longitude

(km )
0.186
0.123
0.076
0.01
0.03
0.042

3

Volume

809.15
8.86
1.14
12.22
1.35
1.85

WRSS

Dip
Strike
Longitude
Latitude Opening Volume
WRSS
3
(deg. from horz.) (deg. from N) (dec. deg. E) (dec. deg. N) (mm)
(km )
30.2
0.0
-166.000
54.159
2197.47 0.021 1008.14
63.8
346.4
-166.001
54.142
22.64
0.005
10.64
19.0
286.9
-165.944
54.167
3931.53 0.008
1.38
45.3
315.2
165.972
54.152
3059.62 0.005
18.32
22.3
268.6
-165.957
54.160
3090.96 0.006
2.17
43.0
243.8
-165.939
54.138
31.95
0.006
6.44

Table B3.3. Best fit Yang-Spheroid model parameters. Descriptions of these parameters can be found in section 3.3.3.

Length
(km)

Data

Table B3.2. Best fit Okada model parameters. Descriptions of these parameters can be found in section 3.3.3.
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Length of Length of
Strike
Plunge
A Axis
B Axis
(kPa)
(km)
(km)
(deg. from N) (deg. from horz.)
61012.1
4.2
0.5
292.8
62.8
18.2
5.2
12.9
105.4
33.0
15398.1
0.5
1.3
165.0
64.6
360.9
0.5
4.0
135.9
48.4
1708.7
0.5
2.5
181.5
65.9
22.2
0.5
14.7
210.2
43.8

Depth Pressure

(dec. deg. E) (dec. deg. N) (km)
-165.964
54.156
8.3
-166.000
54.130
9.1
-165.952
54.152
7.9
-165.956
54.161
6.9
-165.956
54.148
7.5
-165.938
54.126
15.0

Latitude

(km )
1.700
0.045
0.038
0.009
0.017
0.008

3

Volume

808.51
7.33
1.19
12.98
2.11
6.21

WRSS

N
36
33
33
36
36
33

Data

All
Pre 2008
2008
2009-2013
2014
Post 2014

WRSS
(Mogi)
1448.5
55.77
3.5
42.04
5.11
10.63

WRSS
(Okada)
1008.14
10.64
1.38
18.32
2.17
6.44

3.06
26.5
9.6
9.07
9.5
4.07

F-calc

F-crit
(α = 0.05)
2.71
2.76
2.76
2.71
2.71
2.76

F-crit
(α = 0.05)
4.07
4.18
4.18
4.07
4.07
4.18

Significant Significant
(95%)
(99%)
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No

Table B3.5. Comparison of statistical significance between Mogi and Okada best fit models for all data sets. F-calc values are
calculated using Equation 5, with p1 = 4 (Mogi model DOF) and p2 = 8 (Okada model DOF). The number of data points (N)
represents the east, north, and vertical calculated velocities and differs between the data sets due to discontinuity at a GPS site
during one or more of the designated time periods. F-crit for 95% and 99% significance are presented, with all values being a
significantly better fit at the 95% confidence level, but the pre-2008 data fails at the 99% confidence level.

All
Pre 2008
2008
2009-2013
2014
Post 2014

Data

Longitude

Table B3.4. Best fit Yang-Ellipsoid model parameters. Descriptions of these parameters can be found in section 3.3.3.

Table B3.6. Comparison of statistical significance between Mogi and Yang-Spheroid best fit
models for all data sets. F-calc values are calculated using Equation 5, with p1 = 4 (Mogi model
DOF) and p2 = 8 (Yang-Spheroid model DOF). The number of data points (N) represents the east,
north, and vertical calculated velocities and differs between the data sets due to discontinuity at a
GPS site during one or more of the designated time periods. F-crit for 95% and 99% significance
are presented, with all values being a significantly better fit at the 95% confidence level, but the
pre-2008 data fails at the 99% confidence level.

Data
All
Pre 2008
2008
2009-2013
2014
Post 2014

N

WRSS WRSS
F-crit
F-crit Significant Significant
F-calc
(Mogi) (Yang – S)
(α = 0.05) (α = 0.01)
(95%)
(99%)

36 1448.5
33 55.77
33
3.5
36 42.04
36 5.11
33 10.63

809.15
8.86
1.14
12.22
1.35
1.85

5.53
33.11
12.95
17.09
19.54
29.68

2.71
2.76
2.76
2.71
2.71
2.76

4.07
4.18
4.18
4.07
4.07
4.18

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Table B3.7. Comparison of statistical significance between Mogi and Yang-Ellipsoid best fit
models for all data sets. F-calc values are calculated using Equation 5, with p1 = 4 (Mogi model
DOF) and p2 = 9 (Yang-Ellipsoid model DOF). The number of data points (N) represents the east,
north, and vertical calculated velocities and differs between the data sets due to discontinuity at a
GPS site during one or more of the designated time periods. F-crit for 95% and 99% significance
are presented, with all values being a significantly better fit at the 95% confidence level, but the
pre-2008 data fails at the 99% confidence level.

Data

N

All
Pre 2008
2008
2009-2013
2014
Post 2014

36
33
33
36
36
33

WRSS
WRSS
F-crit
F-crit Significant Significant
F-calc
(Mogi) (Yang – E)
(α = 0.05) (α = 0.01)
(95%)
(99%)
1448.5
808.51
4.27
2.73
4.11
Yes
Yes
55.77
7.33
31.73
2.78
4.22
Yes
Yes
3.5
1.19
9.29
2.78
4.22
Yes
Yes
42.04
12.98
12.09
2.73
4.11
Yes
Yes
5.11
2.11
7.67
2.73
4.11
Yes
Yes
10.63
6.21
3.42
2.78
4.22
Yes
No
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All
Pre-2008
2008
2009-2013
2014
Post-2014

Data

E
-5.14
-3.03
-9.08
-4.57
-6.46
-4.07

AV08
N
-2.01
-1.00
-2.73
-2.02
-1.75
1.23
U
2.08
-1.13
6.14
1.03
2.86
-0.12

AKGG
E
N
U
-5.30 0.66 3.76
-5.76 -0.48 1.80
-8.48 7.56 9.79
-5.27 -0.55 1.54
-5.06 6.94 10.28
-

Table S3.1. continued.

All
Pre-2008
2008
2009-2013
2014
Post-2014

Data

E
-4.15
-3.01
-2.86
-4.66
-2.39
-2.91

AV10
N
-3.50
-2.19
-6.57
-3.06
-4.57
-0.25
U
2.81
1.95
7.01
1.13
2.82
3.95

AKLV
E
N
U
-4.28 -1.07 6.18
-5.07 -0.92 -0.17
-5.35 1.87 20.35
-4.13 -1.90 4.15
-1.82 3.52 16.09
-5.01 1.94 3.85

E
-2.36
-2.91
0.50
-2.81
1.47
-2.15

AV12
N
0.86
-0.38
7.10
-0.42
5.32
2.36

AV13
N
-2.18
-1.84
-2.46
-0.44
1.62

E
-3.42
-3.39
-1.29
-3.96
-0.93
-3.04

U
E
4.69 -2.63
-3.20
15.96 0.73
2.92 -3.56
10.95 0.54
2.08 1.62

AKRB
E
N
U
-5.36 -2.13 1.64
-2.45 -1.47 -2.77
-8.85 -3.03 2.64
-4.70 -2.53 0.62
-7.03 -1.67 2.92
-5.83 0.15 0.65

U
E
3.28 -1.82
3.59
8.97 5.15
1.68 -2.76
5.84 6.31
1.37 -2.25

AKMO
E
N
U
-4.67 -3.38 2.23
-2.08 -5.48 4.15
-5.38 -1.62 1.84
-4.38 -2.69 0.46
-3.96 -0.73 2.36

AV14
N
-2.68
-3.09
-4.26
-2.42
-3.77
1.09

AV06
N
-2.01
-2.30
-0.81
-2.35
0.36
1.32

U
2.33
0.52
7.09
1.20
2.47
5.25

U
1.61
2.57
2.70
1.06
-0.30
3.26

E
-4.86
-8.80
-4.30
-4.70
-3.40
-2.00

AV15
N
-2.12
-4.41
-1.92
-2.48
-1.29
1.43

AV07
E
N
-5.88 -2.06
-3.52 -3.55
-11.92 0.40
-4.96 -2.42
-9.48 1.54
-4.84 0.36

U
1.50
3.68
1.66
0.71
-0.33
3.34

U
2.47
-2.20
7.77
1.51
5.27
1.75

Table S3.1. Velocities in mm/yr relative to NOAM for each component of motion (east, north, and up) at each GPS site for
each time period. These velocities are generated using methods described in section 3.3.1 and are used to calculate deformation
in Table S3.2 and eventually relative deformation in Tables S3.2–S3.7.

Supplement
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1.36

4.99

1.36

2.02

1.76

1.76

2.00

2.00

-

2.01

2.01

AKMO

AKRB

AV06

AV07

AV08

AV10

AV12

AV13

AV14

AV15

1.36

AKLV

AKGG

0.0

7.6

-

8.0

7.8

7.8

7.1

7.3

8.6

9.1

5.0

4.1

4.4

7.5

-

5.7

8.7

9.1

7.2

5.8

9.6

8.5

8.4

5.5

-4.4

0.1

-

2.3

-0.8

-1.3

-0.1

1.5

-1.0

0.6

-3.3

-1.4

0.7

0.7

-

0.7

0.8

0.8

0.8

0.7

1.0

0.5

1.0

1.2

0.0

1.8

-

5.4

3.0

4.6

1.2

2.9

4.0

-1.4

4.7

5.3

-0.2

0.5

-

4.0

-0.1

3.2

4.5

1.0

3.2

-0.1

3.8

5.1

0.2

1.3

-

1.4

3.1

1.4

-3.4

1.9

0.8

-1.4

0.9

0.2

0.8

0.8

-

0.8

0.8

0.8

0.8

0.7

1.0

0.6

1.0

1.0

5.0

0.7

-

4.8

2.6

-1.5

-3.0

3.5

-3.7

5.6

-0.2

2.4

1.1

2.8

-

2.8

4.4

4.5

5.4

1.6

2.7

5.5

4.3

4.6

3.8

-2.1

-

2.1

-1.8

-6.0

-8.4

1.8

-6.4

0.1

-4.5

-2.2

1.6

1.6

-

1.6

1.7

1.9

1.8

1.6

2.5

0.7

2.5

2.7

East
North
Vertical
East
East
East
North
North
North
Vertical
Vertical Vertical
Data Length
Model
Model
Model
Site ID
Deformation
Residual Sigma Deformation
Residual Sigma Deformation
Residual Sigma
(years)
Estimate
Estimate
Estimate
(mm)
(mm) (+/- mm)
(mm)
(mm) (+/- mm)
(mm)
(mm) (+/-mm)
(mm)
(mm)
(mm)

Table S3.2. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Ellipsoid model
(parameters in Table 3.4) at each GPS site for data from before the 2008 event. Regardless of data length deformation is calculated using
the AV15 adjusted site velocity and multiplying it by the minimum time at any of the sites, during this period, a length of 1.36 years
(outlined in red).
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1.48

1.50

-

1.50

1.50

1.50

1.50

1.50

1.50

1.36

1.50

1.50

AKGG

AKLV

AKMO

AKRB

AV06

AV07

AV08

AV10

AV12

AV13

AV14

AV15

0.0

7.6

14.2

7.2

2.2

-7.2

-11.4

4.5

-6.8

-

-1.6

-6.3

2.3

6.5

12.9

7.5

1.3

-8.3

-10.3

5.2

-5.9

-

-1.2

-6.9

-2.3

1.1

1.3

-0.3

0.9

1.2

-1.2

-0.7

-0.9

-

-0.4

0.7

0.9

0.9

1.0

0.9

0.9

0.9

0.9

0.9

0.9

-

0.9

1.1

0.0

-3.5

0.1

13.6

-7.0

-1.2

3.5

1.7

-1.7

-

5.7

14.2

-0.8

-3.3

0.5

13.4

-6.7

-2.6

2.7

-0.2

-1.8

-

6.7

14.1

0.8

-0.2

-0.4

0.1

-0.2

1.4

0.8

1.8

-0.9

-

-1.0

0.2

0.9

0.9

1.0

0.9

0.9

0.9

0.9

0.9

0.9

-

0.9

1.0

2.5

10.6

24.0

13.5

10.5

9.2

11.7

4.1

4.0

-

30.5

14.7

1.4

7.4

24.8

13.3

9.7

13.6

14.0

3.5

6.6

-

36.3

17.9

1.1

3.2

-0.9

0.2

0.8

-4.3

-2.3

0.5

-2.6

-

-5.8

-3.2

2.2

2.1

2.5

2.1

2.2

2.2

2.1

2.1

2.2

-

2.2

2.4

East
North
Vertical
Data
East
East
East
North
North
North
Vertical
Vertical Vertical
Model
Model
Model
Site ID Length Deformation
Residual Sigma Deformation
Residual Sigma Deformation
Residual Sigma
Estimate
Estimate
Estimate
(years)
(mm)
(mm) (+/- mm)
(mm)
(mm) (+/- mm)
(mm)
(mm) (+/- mm)
(mm)
(mm)
(mm)

Table S3.3. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Spheroid model
(parameters in Table 3.4) at each GPS site for data during the 2008 event. Regardless of data length deformation is calculated using the
AV15 adjusted site velocity and multiplying it by the length of time defined as this time period, a length of 1.50 years.
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AKGG
AKLV
AKMO
AKRB
AV06
AV07
AV08
AV10
AV12
AV13
AV14
AV15

4.49
4.49
1.99
4.49
4.49
4.49
4.49
4.49
4.49
4.49
4.49
4.49

-2.6
2.6
-3.0
0.0
3.3
-1.1
0.6
0.2
8.5
8.7
5.1
0.0

-1.8
2.8
0.2
0.4
4.0
-1.7
-0.6
0.6
7.6
9.5
3.8
1.1

-0.7
-0.2
-3.2
-0.5
-0.7
0.5
1.2
-0.4
0.9
-0.7
1.4
-1.1

0.5
0.5
0.7
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

8.7
2.6
3.8
-0.2
0.6
0.3
2.0
-2.6
9.2
0.1
0.2
0.0

7.6
3.3
0.6
0.1
0.0
1.0
-0.1
-0.9
10.2
0.2
-1.4
-0.2

0.6
-0.7
2.1
-1.7
-1.0
-0.1
1.6
0.2
1.0
-0.7
3.3
-0.4

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.8
0.6

4.7
6.8
4.6
5.1
7.5
13.1
5.4
3.2
6.9
18.7
8.3
2.8

10.3
16.8
1.3
1.7
2.3
6.1
5.0
3.7
9.1
12.7
4.0
0.8

2.4
0.7
-0.4
1.4
-1.5
0.4
1.3
2.4
-3.4
1.9
6.9
1.1

0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.8
0.7
1.6
0.7

Vertical
Data
East
East Model
East
East
North
North Model North
North
Vertical
Vertical Vertical
Model
Site ID Length Deformation Estimate Residual Sigma Deformation
Estimate Residual Sigma Deformation
Residual Sigma
Estimate
(years)
(mm)
(mm)
(mm) (+/- mm)
(mm)
(mm)
(mm) (+/- mm)
(mm)
(mm) (+/- mm)
(mm)

Table S3.4. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Spheroid model
(parameters in Table 3.4) at each GPS site for data from 2009-2013. Regardless of data length deformation is calculated using the AV15
adjusted site velocity and multiplying it by the length of time defined as this time period, a length of 4.46 years.
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Table S3.5. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Spheroid model
(parameters in Table 3.4) at each GPS site for the data during the 2014 event. Regardless of data length deformation is calculated using
the AV15 adjusted site velocity and multiplying it by the length of time defined as this time period, a length of 1.50 years.
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Table S3.6. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Spheroid model
(parameters in Table 3.4) at each GPS site data after the 2014 event. The length of data for each site is the same (1.79 years), so
deformation is calculated by multiplying the AV15 adjusted velocity by 1.79 years.
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Table S3.7. Observed GPS deformation and sigma calculated using the velocity model, with horizontals relative AV15, for each
component of direction used for modeling. Estimated model displacements and residuals are from the best fit Yang-Spheroid model
(parameters in Table 3.4) at each GPS site for all available data. Regardless of data length deformation is calculated using the AV15
adjusted site velocity and multiplying it by the minimum time at any of the sites, during this period, a length of 10.66 years (outlined in
red).
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CHAPTER 4
COMPLEX SURFACE DEFORMATION OF AKUTAN VOLCANO, ALASKA
REVEALED FROM INSAR TIME SERIES

Published as: Wang, T., DeGrandpre, K. G., Lu, Z. and Freymueller, J.T., 2018. Complex
surface deformation of Akutan volcano, Alaska revealed from InSAR time series.
International Journal of Applied Earth Observation and Geoinformation, 64, pp.171-180.

Abstract
Akutan volcano is one of the most active volcanoes in the Aleutian arc. An intense
swarm of volcano-tectonic earthquakes occurred across the island in 1996. Surface
deformation after the 1996 earthquake sequence has been studied using Interferometric
Synthetic Aperture Radar (InSAR), yet it is hard to determine the detailed temporal
behavior and spatial extent of the deformation due to decorrelation and the sparse temporal
sampling of SAR data. Atmospheric delay anomalies over Akutan volcano are also strong,
bringing additional technical challenges. Here we present a time series InSAR analysis
from 2003 to 2016 to reveal the surface deformation in more detail. Four tracks of Envisat
data acquired from 2003 to 2010 and one track of TerraSAR-X data acquired from 2010 to
2016 are processed to produce high-resolution surface deformation, with a focus on
studying two transient episodes of inflation in 2008 and 2014. For the TerraSAR-X data,
the atmospheric delay is estimated and removed using the common-master stacking
method. These derived deformation maps show a consistently uplifting area on the
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northeastern flank of the volcano. From the TerraSAR-X data, we quantify the velocity of
the subsidence inside the caldera to be as high as 10 mm/year, and identify another
subsidence area near the ground cracks created during the 1996 swarm.
4.1 Introduction
Akutan island is located in the eastern section of the Aleutian volcanic arc, a chain
of islands that extends ∼2000 km along the convergent boundary where the Pacific plate
subducts beneath the North American plate [Fig. 4.1, inset]. In the west-central part of the
island, a composite stratovolcano with a circular summit caldera rises ∼1300 m above sea
level [Fig. 4.1]. A 240 m high, 1 km wide cinder cone is situated in the northeast quadrant
of the caldera [Newhall and Dzurisin, 1988; Miller et al., 1998]. Volcanic deposits, such
as lava and pyroclastic flows, cover the majority of the western half of the island, but in
the east, the topography becomes more complicated. The surface here includes a series of
NW-SE trending lateral ridges dominated by older, relatively loose tephras and ashes
[Newhall and Dzurisin, 1988; Miller et al., 1998]. Akutan island has a vegetated coastline
and is sparsely inhabited with a population of ∼1000 people living primarily in Akutan
Village, on the edge of Akutan Bay, 13 km away from the summit [Fig. 4.1].
Akutan volcano is one of the most active volcanoes in the Aleutian arc [Lu and
Dzurisin, 2014]. At least 27 episodes eruptive activities have been noted since 1790.
Akutan is capable of both effusive and explosive eruptions, but most of the reported
eruptions included small- to-moderate explosions of VEI 2 from the intracaldera cone. In
1929, a lava flow breached the caldera rim through a gap on the northwest side and
extended ∼0.7 km down the northwestern flank, triggering small lahars that flowed into
valleys to the north and northwest. An explosive eruption in 1948 was preceded by a
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seismic swarm that was felt by the people of Akutan Village and produced measurable
amounts of ash deposits that reached the eastern extent of the island. The 1978 eruption
ejected large incandescent bombs from the summit and produced lava flows down the
volcano’s north flank. The most recent eruptive activity was a series of small (VEI 1) steam
and ash emissions from the summit cone from March to May of 1992. Four years later, in
early March of 1996, an intense swarm of volcano-tectonic earthquakes shook the Akutan
island. Immediately after this swarm began, Alaska Volcano Observatory (AVO) installed
a seismometer in the city of Akutan and a network of four seismic stations on the eastern
side of the island. The 1996 seismic swarm continued for several months, but seismic
activity had ceased by July 1996. That July, an additional network of six permanent seismic
stations was installed island-wide by AVO scientists, which was eventually increased to
15 stations in the following years [Fig. 4.1]. Since then, more than 3000 earthquakes have
been located in this region, but the peak of activity was March 11 and 16, 1996. The
estimated cumulative seismic moment of the 1996 swarm is approximately equivalent to a
magnitude 6 event, yet failed to result in an eruption [Power et al., 1996; Lu et al., 2000].
However, a series of fresh ground cracks that extend discontinuously from Lava Point to
the southeast side of the island, with a strike of ∼N70°W were identified during field work
in the summer of 1996. The most significant ground cracks appeared in a rectangular area
between Lava Point and the summit, in a zone with a width of 300–500 m and total length
of 3 km [Lu et al., 2005].
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Figure 4.1. Topography of Akutan island with GPS and seismic stations, and SAR image
outlines plotted. Black squares are GPS stations; black triangles are seismic stations;
rectangles represent InSAR data coverage. Inset is the location of Akutan island in the
Aleutian volcanic arc, to the west of mainland Alaska.

The surface deformation before, during, and after the 1996 seismic swarm has been
studied using Synthetic Aperture Radar Interferometry (InSAR) [Lu and Dzurisin, 2014;
Lu et al., 2000; Lu et al., 2005]. C-band ERS and L-band JERS interferograms spanning
the swarm revealed more than 60 cm of uplift in the western half of the island, but a similar
amount of subsidence distributed across the eastern half can only be observed in the Lband interferograms that exhibit much higher coherence in this region. Before and after the
1996 seismic swarm, the surface deformation exhibited similar patterns, i.e. the volcano’s
northeast flank uplifts about 10 mm per year relative to the southwest flank [Lu et al.,
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2005]. An interesting feature that can only be detected from interferograms acquired after
the swarm is the subsidence along a system of cracks created during the swarm.
SAR images acquired by the Envisat satellite during 2004–2009 reveal that the
northwest part of the island was still uplifting at a similar magnitude of 10 mm/year [Lu
and Dzurisin, 2014]. An inflating dike at ∼6 km deep can explain the observed spatial
deformation [Lu and Dzurisin, 2014]. However, due to the loss of coherence and strong
atmospheric delays, it is difficult to determine whether the observed deformation was due
to the long-term inflation or the transient inflation that occurred between 2004 and 2009.
In addition to the observed deformation on the flanks of the volcano, a persistently
subsiding area inside the caldera was also discovered from Envisat interferograms, which
was probably due to depressurization of a shallow hydrothermal system [Lu and Dzurisin,
2014].
InSAR is an imaging tool for mapping the spatial distribution of surface
deformation, but the satellite revisit period limits temporal resolution, preventing
constraints on the sequence of deformation events. Conversely, GPS data can have very
high resolution in time but limited spatial coverage. Transient inflation during the first half
of 2008 was detected and modeled as a simple Mogi source at shallow depth (∼3.9 km)
from GPS time series data [Ji and Herring, 2011]. The difference between the GPS [Ji and
Herring, 2011] and InSAR [Lu and Dzurisin, 2014] models motivates us to further
investigate the deformation at Akutan volcano.
A recent study reveals the complex nature of Akutan island from the simultaneous
inversion of the 1996–2009 seismic body and surface wave data for a more accurate
velocity model and event relocations [Fig. 4.2] [Syracuse et al., 2015]. The spatial and
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temporal patterns seen in the seismic tomography and relocation inversion results [Fig. 4.2]
suggest that the surface deformation may reflect multiple mechanisms both spatially and
temporally. GPS time series, in general, are sensitive in time, and can detect transient
inflation signals, but are not dense enough to reveal the spatial distribution of surface
deformation, making it difficult to constrain the geometry of the source. It is therefore
essential to utilize spatially high-resolution InSAR data of the same period to study the
source of surface deformation. Here we analyzed Envisat and TerraSAR-X InSAR data
from 2002 to 2015 to reveal the complex surface deformation around Akutan volcano,
improving our understanding of the episodic nature of the magma plumbing system
beneath the island.

Figure 4.2. The distribution of relocated earthquakes on Akutan island, from Syracuse et
al. [2015]. The magnitudes of the earthquakes in both panels are shown by the size of the
circles. Event distribution is colored by depth (a), with black circles signifying earthquakes
that occurred more than 15 km deep. Event distribution in time (b) is also provided with
color indicating the year of the event.
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4.2 Datasets
4.2.1 InSAR datasets
We collected three descending tracks: Envisat T029 (24 images acquired from 2003
to 2010) and T301 (17 images acquired from 2003 to 2010), and one TerraSAR-X track
(12 images acquired from 2011 to 2015). Three ascending tracks were also collected:
Envisat T136 (12 images acquired from 2004 to 2010) and T365 (16 images acquired from
2004 to 2010) and one ALOS track (17 images acquired from 2006 to 2010) (see Fig. 4.1
for the cropped data coverage of the InSAR datasets, and Fig. 4.3 for data acquisition time
and coherence distribution). The Envisat data were acquired in C-band (wavelength of 5.6
cm), the TerraSAR-X data were acquired in X-band (wavelength of 3.2 cm), and the ALOS
data were acquired in L-band (wavelength of 23.6 cm). The acquisitions of the TerraSARX data have been carefully programmed to avoid any winter months when snow cover
would result in decorrelation. Unfortunately, many of the ALOS data were acquired in
winter, resulting in much lower coherence for many of the ALOS interferograms, despite
the effect of a longer wavelength that usually produces higher coherence in InSAR images
(e.g. Lu and Dzurisin, 2014; Lu et al., 2005). The extent of decorrelation in the ALOS
dataset rendered it unusable for our purposes and will not be presented in this study. The
overall coherence of the Envisat data is much lower than the TerraSAR-X data, as a result
of the relatively lower spatial resolution and longer temporal revisit period in Envisat
acquisition [Fig. 4.3]. The InSAR coherence maps also reflect the distribution of vegetation
and loose volcanic material on Akutan island as the coherence is much lower in the eastern
part of the island [Lu and Dzurisin, 2014].
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Figure 4.3. InSAR interferogram temporal and spatial baselines are connected (a-e) for
each pair of images. The averaged coherence maps for the two Envisat (ENVI) (f and g)
and TerraSAR-X (TSX) (h) datasets show the relatively good coherence of TSX when
compared with ENVI data. Areas of decorrelation are due to loose material or vegetation
coverage.

4.2.2 GPS data
Akutan island has 16 campaign and 12 continuous GPS sites operating since 2006.
Campaign GPS sites are short term occupations that require repeat visits, often occurring
at intervals of a year or more. Due to this temporal limitation of data from the campaign
sites only data from the 12 continuous GPS sites, publicly available through UNAVCO
and the Plate Boundary Observatory (PBO; http://pbo.unavo. org), are used in this study
[Fig. 4.1]. Most of the stations have continualy acquired data since 2004–2005, but for
some of the stations, there are data gaps in certain years.
GPS velocities reflect the summation of all velocities acting on a location, so to
isolate volcanic deformation from the tectonic motion, we calculate all GPS velocities
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relative to site AV15, located on the far east peninsula of the island. The assumption that
AV15 is far enough from the volcano, and therefore not effected by volcanic deformation
is based on previous studies that show little localized deformation in this area (e.g., Lu and
Dzurisin, 2014; Ji and Herring, 2011). In doing so the GPS data are converted to relative
velocities, and the reference frame used is no longer relevant. Here the GPS data are used
to identify the timing of transient inflation signals and to calibrate the InSAR results. Based
on the GPS time series, two distinct inflation episodes are observed: one is from July 1,
2007 to Jan 1, 2009 (hereafter referred to as the 2008 inflation episode), and the other from
July 1, 2013 to Jan 1, 2015 (referred to here as the 2014 inflation event). More details about
the GPS data and models derived from GPS time series at Akutan can be found in
DeGrandpre et al. [2017].
4.3 Methods
4.3.1 InSAR processing
For each InSAR dataset, we coregistered and resampled all the images with respect
to a selected master image that has the highest quality index in a small-baseline
coregistration strategy, which is based on the orbital information and the Digital Elevation
Model (DEM) [DeGrandpre et al., 2017]. We then formed a set of multilooked smallbaseline interferograms to include all possible interferometric combinations. Based on the
coherence maps calculated from these small- baseline interferograms, we derived a
Minimum Spanning Tree (MST) to connect all N images using N-1 interferograms [Wang
et al., 2014] and calculated a full resolution mean coherence map based on these
interferograms [Fig. 4.3f–h]. We then identified Persistent Scatterer (PS) candidates for
each dataset using given mean coherence thresholds and amplitude dispersion thresholds
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(0.3–0.5 for the mean coherence, and 0.2–0.45 for the amplitude dispersion, depending on
different datasets). After PS candidate identification, we extracted the interferometric
phases for each PS candidate from a set of small-baseline interferograms. The
interferometric phases for each PS candidate were filtered by adaptively averaging the
phases, weighted by the coherence, within a pre-assigned window before extraction of this
phase value [Wang et al., 2014]. The following procedures are point-based analysis of these
PSs. We used the statistical-cost approach implemented in StaMPS to unwrap phases of
sparse PSs [Perissin and Wang, 2012; Chen and Zebker, 2000]. After phase unwrapping,
we implemented different time series InSAR processing strategies to estimate the
cumulative deformation on the island of Akutan.
4.3.2 Cumulative deformation during the 2008 inflation episode from Envisat images
It is very challenging to implement standard PS interferometry in the Aleutian
Islands as the deformation rate is small (less than 15 mm/ year for our case) and snow-free
acquisitions are limited to summer months, from July to September. This is even more
difficult when using Envisat data because of the coarse resolution and sparse temporal
distribution. For these images, the PS-like method (e.g., Hooper, 2010; Ferretti et al., 2001)
is not applicable, as interferograms with long temporal and spatial baselines are often
completely decorrelated. MST- like (e.g., Wang et al., 2014) interferometric configuration
may not be reliable either, as decorrelated interferograms have to be included in the time
series inversion to keep all the images connected. The standard Small-Baseline Subset
(SBAS) analysis can invert for time series from disconnected image subsets using singular
value decomposition given the rank-deficient design matrix [Hooper et al., 2004]. Stacking
coherent interferograms is another way to estimate velocity from disconnected image
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subsets. However, the limitation of these methods is that they assume the deformation
exhibits linear temporal behavior, which is not the case for Akutan island, as indicated by
the GPS time series (e.g., Ji and Herring, 2011). Therefore, for the Envisat datasets, we
need to consider a different interferometric combination strategy to derive the deformation
due to the inflation event in early 2008.
We applied an MST plus small-baseline interferometric configuration to the
Envisat data by adding coherent interferograms to the MST [Fig. 4.3a–d]. This method
allowed us to take advantage of as many interferograms as possible, while keeping all of
the images connected. We then estimated the time series deformation from the smallbaseline interferograms, and derived the cumulative deformation from the difference
between the averaged deformation before and after 2008, where outlier images can be
detected from GPS time series. The derived time series using this method was then
compared with GPS time series, which have been converted to radar line-of-sight direction
using the radar look vector calculated for each GPS station location [Fig. 4.4].
From the three GPS stations located on the uplifting portion of the island, AKLV,
AV13 and AV08 [Fig. 4.4, and see Fig. 4.1 for their locations], inconsistencies and outliers
become evident. These were mostly due to decorrelated interferograms, that are required
to keep the time series connected. We identified such outlier images by calculating the
standard deviations of the difference between the InSAR interferograms and GPS time
series deformation at the location of each GPS site. The images with large standard
deviations were removed. We calculated the average deformation in the remaining time
series maps derived from images acquired from 2005 to 2008 and images from 2009 to
2010 separately to further reduce the temporally uncorrelated noises. Then we differenced
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the two averaged deformation maps to isolate the deformation that occurred during the
2008 inflation from any long-term signal. In order to improve the signal-to-noise ratio
(SNR) and to reduce isolated PS outliers, we uniformly distributed 300-by–300 m grids on
the island and selected the median value among the PSs within each grid to represent the
deformation of that grid [Fig. 4.5]. Here, we only show the radar line of sight (LOS)
displacement derived from the descending track T301 and the ascending track T365 as they
have relatively higher SNR than the other two tracks. For the purpose of modeling, we
mask out the caldera area that is rapidly subsiding, most likely from shallow surficial
processes related to hydrothermal changes [Lu and Dzurisin, 2014].
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Figure 4.4. Comparison of GPS and InSAR time series from Envisat data at GPS station
AKLV (first column), AV13 (second column), and AV08 (third column). InSAR time
series are represented as red squares, and compared with GPS time series, which are
represented as small black dots.
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Figure 4.5. Downsampled LOS deformation spanning the year 2008 from two of the
Envisat datasets, descending track 301 (a), and ascending track 365 (b). Back arrows
indicate locations of the peak deformation on the northeast flank.

4.3.3 Time series analysis of the TERRASAR-X data
The TerraSAR-X data exhibit good coherence for most of the interferograms [Fig.
4.3h]. Inspecting the high-resolution TerraSAR-X InSAR images reveals very complicated
fringe patterns, some of which are likely not related to actual surface deformation. We
excluded the possibility of large topographic errors as a source for the observed fringes
because interferograms with larger perpendicular baselines do not display larger phase
changes. All the interferograms showing complicated fringe patterns are associated with
specific images, suggesting that the origin of these fringe patterns is the Atmospheric Phase
Screen (APS), which represents the stratified atmospheric conditions at the time of
acquisition. As shown in Fig. 4.6, similar features appear in the interferograms created
using the image acquired on Aug. 23, 2014.
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In order to improve the time series analysis and for the benefit of future studies
concerning the APS distribution due to the extreme weather conditions in this region, we
implemented the common-master stacking strategy to the TerraSAR-X dataset to extract
the APS from a full connection of interferograms [Bernardino et al., 2002]. The basic idea
is to form and sum all the possible interferograms with the same master to obtain the APS
of each individual image, instead of each interferogram. During the stacking, the APS from
the master image has been propagated through all the interferogram, while the APS from
other images have been eliminated due to the uncorrelation of APS in time.

Figure 4.6. Atmospheric phase screen (APS) associated with TerraSAR-X image acquired
on Aug. 23, 2014. These interferograms (a–c), created using the same image acquired on
Aug. 23, 2014, exhibit similar features regardless of temporal duration.

We generated a full connection of 12 TerraSAR-X images, i.e. 66 interferograms
to estimate the APS. The APS signal is relatively smooth in space, so to facilitate phase
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unwrapping we downsampled the PSs by averaging the phases within 50 m-by–50 m grid
cells for the imaged area. The PSs in the decorrelated eastern region of the island and the
PSs showing strong localized subsidence within the caldera are masked out. The
deformation at these locations is assumed to be related to localized and shallow
hydrothermal processes and not a result of changes in the magma source parameters. We
unwrapped the downsampled phases to estimate LOS ground-to-sensor changes in distance
and then averaged these LOS changes for each image [Berardino et al., 2002]. We also
applied the low-pass filtering to the APS series to extract the time dependent signal which
was then removed. We then calculated the standard deviation of the APS associated with
each image and removed the APS showing the largest standard deviation from all the
related interferograms. We iteratively implemented this procedure until the derived APS
with the largest standard deviation was smaller than a given threshold. To retrieve the APS
estimate for all of the PSs we applied Kriging interpolation to the downsampled locations
of the APS in each image (e.g., (Hooper, 2010)). We selected 22 of these interferograms
with relatively high coherence and few unwrapping errors for inversion to construct a time
series of surface deformation. The interpolated APS can finally be removed from the
inverted time series of deformation for each PS, improving the time-dependent signal, i.e.
deformation of the Akutan island from 2011 to 2015.
4.4 Results
4.4.1 Uplift of the north/northeast flank from InSAR data
For the Envisat datasets that span the 2008 inflation, results from both the
descending and ascending tracks generally show a deforming area on the northeast flank
of the volcano, with the ground moving toward the satellite, indicating that the main
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component of the deformation was uplift [Fig. 4.5]. However, peak deformation in each of
the datasets is located in a different area on the flank of the volcano. This is most likely
because the horizontal motion exhibits opposite signs when projected into the ascending
and descending LOS directions. For the descending track, the eastward motion of the east
flank and the uplift both shortening the sensor-to-target distance, while for the ascending
track, the east motion of the east flank and the uplift have opposite signs when projected to
the LOS direction, shifting the peak of LOS deformation westwards for the ascending track.
This is consistent with the GPS vectors, which show the divergent characteristics of the
horizontal motion (e.g., Ji and Herring, 2011). Note that the SNR seems less than the results
from the stacking result derived from all the coherent interferograms (e.g., Lu and Dzurisin,
2014), because we did not include any interferograms created using images acquired before
2006. However, by doing this, we can ensure that the derived cumulate deformation
originates only from the 2008 inflation event as detected from the GPS time series.
The TerraSAR-X data reveal a similarly deformed area, but have a more dense
spatial distribution of data points than the Envisat dataset [Figs. 4.7 and 4.8] so that the
extent of the observed uplifting area can be clearly identified. The time series analysis
using TerraSAR-X data also allows us to recognize that there was a transient period of
uplift that started in the beginning of 2014 and ended before the end of 2015, which is
consistent with GPS time series data [Fig. 4.8b and c]. The cumulative deformation
calculated for these 2008 and 2014 events reveal similar magnitudes and spatial patterns,
suggesting that the mechanism responsible for the deformation during these two periods
might be the same and exhibiting episodic behavior.
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Figure 4.7. Observed, best fit magma source models, and residuals of the downsampled
LOS deformation from TerraSAR-X data. The top row are the Data/Model/Residual
images resulting from the best fit spherical magma chamber (Mogi point source model).
The red star indicates the center of this spherical source. The bottom row are the
Data/Model/Residual images for the best fitting results of an opening dike in the elastic
half space (Okada dislocation plane model). The red star indicates the center of the top of
this plane.
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Figure 4.8. Surface deformation from the Persistent Scatterer analysis of TerraSAR-X data.
The cumulative deformation in the radar LOS direction is compared with GPS data (big
squares) that is also projected into the radar LOS (a). Two deformation profiles, across the
subsidence feature on the west flank (A-A’) and across the caldera (B-B’) are shown in
Fig. 9. The time series deformation from InSAR and GPS are compared at station AKLV
(b) and AV13 (c). Red and blue squares represent time series deformation from TerraSARX data with and without APS correction, respectively.
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4.4.2 Modeling the uplifting flank
The measured surface displacements from Envisat and TerraSAR-X data were
inverted for both a Mogi [Mogi, 1958] inflation point source inflation [Table 4.1] and
Okada [1985] dike expansion model [Table 4.2]. The data were inverted independently to
allow for comparisons between data quality and results. For each dataset the residual sum
of squares (RSS) for 1000 Monte Carlo simulations were evaluated using the “trust-regionreflexive” non-linear least squares inversion Mogi [1958]. Unfortunately, given the noisy
InSAR data, it is difficult to obtain consistent models from the surface displacement
derived from these different datasets. This is particularly true for the Envisat data because
PS points are more sparse than the TerraSAR-X data and due to the large number of outliers
in these smaller datasets the stability of the model parameters is especially reduced. The
best fit models for Envisat datasets are presented in Tables 4.1 and 4.2, but are not
discussed further because they are not considered to be significant results.

Table 4.1. Best fit Mogi model parameters for each set of surface deformation data.

Data

Depth
(km)

Longitude
(deg. E)

Envi 301

1.26

-165.717

54.187

0.0131

35.07

Envi 365

3.59

-165.737

54.108

0.0084

37.39

TSX

2.255

-165.838

54.156

0.011

2.26
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Latitude Volume
(deg. N)
(km3)

RSS
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Envi 301
Envi 365
TSX

Data

Length
(km)
15
7.76
8.9

Width
(km)
2
7.17
8.22

Depth
(km)
2.58
0
0.66

Dip
(deg.)
-89.18
-84.03
-72.31

Strike
(deg.)
121.23
112.52
132.76

Table 4.2. Best fit Okada model parameters for each
Longitude Latitude Strike-slip Dip-slip
(deg. E)
(deg. N)
(mm)
(mm)
-165.9
54.13
432.73
139.1
-165.9
54.13
253.22
-73.78
-166
54.16
-134.5
-74.9

Opening
(mm)
27.77
10.62
-51.5

29
31.61
23.32

RSS

The surface deformation predicted by both a Mogi point source and an Okada
dislocation plane can largely represent the observed deformation in TerraSAR-X data. The
geometric parameters of the best fit Okada plane defined here [Table 4.2] are similar to the
dike described by Lu et al. [2005] and align with observed seismic trends. However, the
detailed slip distribution cannot be resolved because of the many outliers that are a result
from decorrelation and localized APS anomalies. The spatial pattern of the residuals for
each of the models are very similar [Fig. 4.7, rightcolumn], making it difficult to visually
determine the dominant mechanism creating the observed deformation. A clear
discontinuity between uplift and subsidence on the east flank of the volcano that is aligned
with an anomalous area of subsidence on the northwest flank [Figs. 4.7 and 4.8] is observed
in the residual pattern for both models. Because these features cannot be resolved with
either of the source models tested here we attribute this deformation to shallow surficial
processes.
While it is visually difficult to identify the best fit model, the RSS value for the
Mogi model [2.26, Table 4.1] is clearly a better fit than the Okada model [23.32, Table 4.2]
for the TerraSAR-X data spanning the 2014 inflation event. This is considered significant
because the Okada model has more degrees of freedom (8 parameters) with which to fit the
data than the Mogi model (4 parameters). A best fit Mogi model of a spherical magma
chamber at a depth of 2.3 km [Table 4.1] below the north flank of the volcano [Fig. 4.7]
may be a better fit to the TerraSAR-X data than the Okada model, but it is not considered
to be realistic because of the uncertainty and noise associated with the InSAR PSs.
We have also tried to model both the InSAR and GPS data together. However, due
to the localized deformation and the low SNRs of the InSAR PSs, we have to significantly
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downweight the InSAR data for the model parameters to converge. This downweighting
essentially creates model inversions that are based on the GPS data alone. Quality is
significantly improved and the number of measurements is increased in the TerraSAR-X
dataset when compared with the Envisat datasets, but the TerraSAR-X data is limited to a
descending orbit and ascending data is unavailable. With only one LOS direction to provide
constraints it is difficult to resolve tradeoffs between model parameters. Three component
displacement time series provided by GPS data are thus essential in determining reliable
model parameters. Therefore, in the following sections, we will focus on the interpretation
of the observed surface deformation related to shallow processes and not on the results of
the model inversions. Readers who are more interested in understanding the deeper magma
source processes revealed from modeling GPS data can refer to DeGrandpre et al. [2017]
for more details.
4.4.3 Localized areas of subsidence from TERRASAR-X InSAR time series
When the pixel spacing in a SAR image is large (∼10–20 m), as is the case with
Envisat data, many scatterers in the resolution cell can reflect the microwave back to the
satellite, reducing the interferogram coherence. Conversely, high-resolution data, such as
the images from the TerraSAR-X satellite, have smaller pixel dimensions and can better
preserve coherence because there are fewer scatterers within each pixel. The smaller pixel
size in high-resolution data also allows for more detailed mapping of smaller deformation
features and makes it is possible to derive deformation time series for these areas of
localized motion.
In addition to the obvious uplift occurring on the northern flank of the volcano, two
isolated areas of subsidence are identified from the time series analysis of the TerraSAR221

X data. One is a rectangular region of the western flank of the volcano [Fig. 4.9a and b]
and the other is an incomplete circular feature inside the caldera [Fig. 4.9a and c]. Although
these two areas of subsidence were also observed by stacking Envisat summer
interferograms, quantifying the deformation from this midresolution SAR data was
challenging [Lu and Dzurisin, 2014]. We were, however, able to explore the spatial and
temporal behavior of these localized subsidence features from the many coherent, highresolution TerraSAR-X interferograms. The deformation time series with and without APS
correction are plotted by averaging the PSs located in the subsiding areas [Fig. 4.9a, d, and
e]. In order to evaluate the possibility that the inclusion of topographic errors associated
with the DEM is influencing our time series analysis, we also plotted the derived LOS
displacement with the perpendicular (normal) baselines of the interferograms [Fig. 4.9f and
g]. The areas of subsidence clearly exhibit time dependent behavior after the APS
correction [Fig. 4.9d and e], yet no correlation with perpendicular baseline is obvious [Fig.
4.9f and g], suggesting that the observed signals are mostly due to surface deformation
rather than topographic errors.
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Figure 4.9. Detailed surface deformation near the summit area derived from TerraSAR-X
data. TerraSAR-X LOS deformation along the two profiles A-A’ and B-B’ (Fig. 8a) are
plotted (b and c, respectively). InSAR time series deformation (d and e) is calculated by
averaging the deformation within the two corresponding red polygons in (a), which
represent a possible small graben structure (d) and a potential geothermal field within the
caldera (e). Deformation with respect to perpendicular baseline (Bn) is also plotted (f and
g) to demonstrate that there is very little topographic error in the time series analysis. Red
and blue squares represent results with and without APS correction, respectively.

The extensive zone of ground cracks on the western flank between Lava Point and
the summit, identified by AVO scientists following the 1996 seismic swarm, exhibited
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initial subsidence of 30–80 cm [Lu et al., 2000; Lu et al., 2005]. Ongoing measurements
using SAR images acquired from 1997 to 2000 revealed that the maximum rate of
subsidence (∼20 mm/year) occurred during 1996–1997, and then progressively reduced to
about 10 mm/year [Lu et al., 2005]. Because of the dense availability and small pixel size
of PSs in the TerraSAR-X images, we are able to define a rectangular, graben-like area of
subsidence with a strike of ∼N70°W [Figs. 4.8a and 4.9a], consistent with the field
observations from 1996. Our analysis of the TerraSAR-X data indicates that at this feature
there is ongoing subsidence of ∼10 mm/year [Fig. 4.9d], similar to the stable trend
estimated in previous studies [Lu et al., 2005], potentially signifying a constant rate of
subsidence from 1997 to 2014. While the rate of subsidence at this feature remains constant
in our data from 2011–2014, there is an apparent change that coincides with the initiation
of the 2014 inflation event defined from the GPS time series. At this time, in early 2014,
the observed deformation is significantly reduced nearly to zero and remains that way until
the middle of 2015. The reason for such a deceleration is unclear, but we suspect the uplift
from a deep source might negate the subsidence of the shallow graben structure, resulting
in an overall trend of 0 mm/yr for this area during the inflation event.
We also discovered a bowl-shaped subsidence area inside the caldera floor in the
TerraSAR-X interferograms [Fig. 4.9a]. The preserved coherence excludes the possibility
of any physical changes on the surface, such as loss of ice or snow, as the cause for this
observed motion. The magnitude of this subsidence is approximately one fringe per year
in the X-band interferograms, indicating a LOS velocity of ∼15 mm/ year. A LOS
displacement profile through the caldera from south to north, derived from our PS analysis,
clearly displays a peak in subsidence, centered on this circular feature, that is in stark
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contrast to the gradual uplift observed in the north [Fig. 4.9c]. This sharp, localized
deformation pattern implies that the source of the subsidence is very shallow. After the
APS correction, this inter-caldera subsidence exhibits a very clean, linear trend with a
velocity of about 10 mm/year. The linear rate of deformation supports the conclusion of
Lu and Dzurisin [2014], that the subsidence should be attributed to fumarole activity on
the caldera floor that provides continuous depressurization of a shallow hydrothermal
system. The continued subsidence suggests that degassing of this hydrothermal system is
ongoing. This degassing could be related to the cooling of a shallow storage of magma
interpreted in multiple geophysical datasets, including the seismic models of Syracuse et
al. [2015], the GPS analysis in DeGrandpre et al. [2017] and now the TerraSAR-X data
presented here.
4.5 Discussion
4.5.1 Episodic inflation at Akutan volcano
Although most of the seismicity of the 1996 earthquake swarm occurred on the
eastern half of Akutan island, the western part of the island accommodated most of the
surface deformation, including 60 cm of uplift at the northern flank of the volcano and the
opening of the small graben on the northwest flank [Lu et al., 2000; Lu et al., 2005]. Our
analysis of the InSAR time series data presented here indicates that the surface deformation
during the 2008 and 2014 inflation events exhibit similar patterns to that of the 1996 swarm.
From our InSAR observations, we are disposed to the explanation that the inflation at
Akutan island is episodic, causing the 1996 earthquake swarm as well as the 2008 and 2014
transient signals detected in the GPS time series. During the 1996 swarm, the magma
cracked the upper crust of the west part of the island, intruded as a dike beneath the volcano,
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and formed the graben structure in the west flank when it failed to erupt and began to cool
and contract. Since then, several smaller episodes of inflation have occurred, in 2008 and
2014, producing the regional uplift of the north flank, as we observed from InSAR data
discussed here.
4.5.2 The complementary use of InSAR and GPS data for observing volcanic
deformation
Continuous GPS stations installed across Akutan island, provided deformation time
series with high temporal resolution so that we are able to detect the transient inflation
signals in 2008 and 2014 (e.g. Ji and Herring, 2011). GPS data can also provide accurate,
reliable, and three dimensional geodetic measurements, that can be inverted for magma
source model parameters as in DeGrandpre et al. [2017]. However, installing and
maintaining GPS stations is extremely difficult in the Aleutian Arc, and Akutan island is a
rare case where a dense, functioning GPS network exists. There do remain spatial
limitations to GPS data and even with a dense GPS network on a small island, the data are
still ill-suited for capturing localized deformation features. The small graben structure
located on the western flank of the volcano, which is important for implications related to
the geometry of the dike intrusion, would only be detected if a GPS station was installed
directly on the feature. It is also difficult to securely install GPS stations within the unstable
and active caldera to detect the long-term subsidence due to the geothermal activities.
The use of InSAR data in conjunction with GPS time series advances our
understanding of volcanic deformation at Akutan volcano. Due to heavy snow cover during
the winter months, only year long, summer-to-summer interferograms are useable,
seriously reducing the temporal resolution of InSAR data that is limited even under ideal
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conditions, and making it many orders of magnitude lower than that of continuous GPS
data. It is therefore, difficult to detect transient temporal signals from InSAR data, but the
spatial resolution and coverage provides better definition of deformation patterns and
features that can be both large and small, without the need for regular installation and
maintenance of ground based stations. The complementary information obtained from GPS
and InSAR data is essential to the study of temporally and spatially complicated
deformation. At Akutan volcano, the temporal resolution of the GPS data is used to create
magma storage models through time that result in spatially extent deformation patterns,
while the complementary spatial coverage of InSAR data can provide geometric details of
surface deformation as well as smaller scale surficial effects that go unnoticed by both GPS
and the associated deformation models.
4.5.3. Atmospheric phase screen in SAR images at volcanic islands
The APS estimated from the TerraSAR-X data allows us to discuss the spatial
distribution of water vapor, which exhibits some interesting features, particularly in images
acquired in the middle of August [Fig. 4.6 and 4.10a]. The APS distribution of these images
generally shows a smooth phase distribution across the western and eastern edges of the
island, with an abrupt change often occurring at the summit that transitions to a pattern of
rapid and sharp phase changes (e.g. Fig. 4.10). It seems that there exists a correlation
between the APS and topography, but it is not a simple linear relationship (profiles in Fig.
4.10a–d). Similar fringe patterns from TerraSAR-X interferograms have also been
observed at Cleveland volcano and other nearby islands in this region [Wang et al., 2015].
This effect is probably due to the complicated interaction between water vapor, the
variation in topography, and the regional wind dynamics. In other words, the atmospheric
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conditions around Aleutian Islands are likely to be non-hydrostatic and the non- linear
relationships with topography observed at Akutan island are the results of seasonally
varying atmospheric conditions.

Figure 4.10. The APS of a TerraSAR-X image acquired on Aug. 23, 2014. The APS derived
using common-master stacking (a) shows correlation with topography from three parallel
profiles (b–d).

From our observed APS distribution, we infer the water vapor evaporating from the
sea surrounding Akutan island is blown eastward by the predominant winds, where it is
pushed up the west flank of the volcano, and finally accumulates at the summit. The
dynamic variability coupled with high water contents result in sharp changes in the APS
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as vapor is blown into the flank of the volcano. At the summit, decreasing temperatures
and an increase in vapor content with altitude causes the water vapor to precipitate and fall
on the leeward (eastern) flank of the volcano. The water content of this air mass is
decreased significantly by this process, and with decreasing wind intensity the gradual
changes in the APS trend begin to have more correlation with the topography on the east
half of the island. This explains why we cannot fit the APS using a simple linear relation
to topography, as the atmospheric conditions on the windward side of the volcano are
completely different from the leeward side. Similar atmospheric patterns have been
observed not only in the Aleutian region (e.g. Wang et al., 2015), but also the along the
Cascade volcanic arc [Parker et al., 2015]. Although modeling the derived APS is beyond
the scope of this study, it is an interesting way to observe that the distribution of water
vapor on a volcanic island is related to wind direction.
4.6 Conclusions
SAR images acquired from Envisat and TerraSAR-X data have been analyzed using
time series InSAR techniques to focus on two episodic transient inflation events in 2008
and 2014. The APSs from TerraSAR-X data have been largely eliminated using iterations
of the common master stacking technique, allowing temporal behavior of not only the large
uplifting signal on the north flank but also the localized subsidence associated with surface
cracks on the west flank of the volcano and geothermal processes inside the caldera. While
the Envisat images proved to be too decorrelated to use for modeling purposes, the
TerraSAR-X data revealed that the subtle subsidence structures on the western flank follow
the linear trend of the dike proposed in previous seismic and InSAR studies [Lu et al.,
2000; Lu et al., 2005; Syracuse et al., 2015]. Although we have confirmed that there is a
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complicated plumbing system beneath Akutan volcano in the Aleutian Islands, it is a
challenge to use InSAR PS data to model large, deep sources that require specific temporal
delineations to properly identify episodic events at volcanoes. Nevertheless, the use of
InSAR data around Akutan volcano has led to a better understanding of the complex spatial
and temporal relationships between surface displacement produced by the magma storage
systems at depth, as well as the surficial processes that result in smaller, localized
deformation patterns.
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CHAPTER 5
HIGH RATES OF INFLATION DURING A NON-ERUPTIVE EPISODE OF SEISMIC
UNREST AT SEMISOPOCHNOI VOLCANO, ALASKA IN 2014-2015

Published as: DeGrandpre, K. G., Pesicek, J. D., Lu, Z., DeShon, H. R., and Roman, D. C.,
2019. High rates of inflation during a non‐eruptive episode of seismic unrest at
Semisopochnoi Volcano, Alaska in 2014‐2015. Geochemistry, Geophysics, Geosystems.

Abstract
Magma intrusion rate is a key parameter in eruption triggering, but is poorlyquantified in existing geodetic studies. Here we examine two episodes of rapid inflation in
this context. Two noneruptive microseismic swarms were recorded at Semisopochnoi
Volcano, Alaska in 2014-2015. We use differential SAR techniques and TerraSAR-X
images to document surface deformation from 2011–2015, which comprises island-wide
radial inflation totaling ~25 cm (+/-1 cm) line of sight (LOS) displacement in 2014-2015.
Multiple source geometries are tested in an inversion of the deformation data and InSAR
data are best fit by a spheroid trending to the northeast and plunging to the southeast, with
a major axis of ~4 km and minor axes of ~1 km, directly under the central caldera of
Semisopochnoi. In 2014 a modeled influx of 0.043 km3 of magma caused LOS
displacement of ~17 cm. This magma was stored at a depth of ~8 km, until 2015 when
0.029 km3 was added. Along with the definition of inflation source parameters, the
recorded seismic events are relocated using differential travel times. These relocated events
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outline a linear aseismic area within a larger zone of shallow (<10 km) seismicity. This
aseismic region aligns with the centroid of the deformation model. Based on these geodetic
and seismic models the plumbing system at Semisopochnoi is interpreted as a spheroidal
magma storage zone at a depth of ~8 km below a linear feature of partial melt. The observed
deformation and seismicity appear to result from rapid injection into this main storage
region.
5.1 Introduction
Developing an unbiased understanding of processes occurring throughout the life
cycles of volcanoes globally is a key outstanding challenge in volcanology [NASEM, 2017;
Reath et al., 2019]. Most studies of volcanism focus on the eruptive phase of the volcanic
life cycle; however, there is increasing evidence that inter-eruptive processes such as
crustal magma intrusion are common and may control or influence eruption parameters
such as timing, duration, type, and magnitude [e.g., Moran et al., 2011; Biggs et al. 2014].
Furthermore, distinguishing episodes of unrest that do not immediately culminate in
eruption from those that are truly precursory is a major challenge in volcano monitoring.
One hypothesis is that the rate of crustal magma intrusion is a key control on whether or
not an intrusion will proceed to eruption [Degruyter and Huber, 2014; Stix and de Moor,
2018]. Thus, placing quantitative upper bounds on the rate at which magma can be
emplaced in the crust without triggering an eruption is crucial.
Arc volcanoes can erupt without associated surface deformation [e.g. Lu et al.,
2007, 2014; Moran et al., 2006; Pritchard et al., 2018] but they commonly exhibit episodes
of inflation that culminate in an eruption. Establishing records of an individual volcano’s
deformation ‘baseline’ with InSAR measurements of the direction, shape, rate, and
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magnitude of displacement as well as non-deforming periods is essential for hazard
mitigation [e.g. Ebmeier et al., 2018; Lu et al., 2007, 2010, 2014; Pritchard et al., 2018;
Reath et al., 2019]. Episodes of inflation have been observed to extend through months or
even years with rates of 10s – 100s mm/yr, but the precise nature of the relationship
between displacement and parameters that describe eruptive activity has not yet been
defined [e.g. DeGrandpre et al., 2017; Lee et al., 2013; Lu et al., 2010; Pritchard et al.,
2018]. However, surface deformation that exceeds these rates commonly terminates with
an eruption, except in cases of large caldera systems, such as Campi Flegrei or Laguna del
Maule, where respective inflation rates of up to 90 cm/yr and 40 cm/yr have been observed
[Acocella et al., 2015; Le Mével et al., 2015]. It is unprecedented to observe rapid, large
magnitude (tens of centimeters), inflation at an arc volcano without an ensuing eruption.
In this study we examine surface deformation and seismicity associated with two
episodes of volcanic unrest in 2014 and 2015 at Semisopochnoi Island, Alaska. We
document a minimum estimate of surface uplift of 25 cm over two years, a high rate and
magnitude of deformation for a non-eruptive episode at an island arc volcano. Synthetic
aperture radar (SAR) images collected by the German TerraSAR-X satellite are differenced
using Interferometric SAR (InSAR) techniques to create interferograms of relative surface
displacement. A non-linear least-squares inversion for deformation source parameters that
define the geometries of the Mogi point source [Mogi, 1958], Okada dislocation plane
[Okada, 1985], and Yang spheroid [Yang et al., 1988] is performed in order to estimate the
magma source location and volume change responsible for the observed surface
deformation. We also highlight the shortcomings of current InSAR processing,
subsampling, and error estimation techniques as applied to remote volcanoes with island
236

wide deformation, a single viewing geometry, lacking turbulent atmospheric models, and
severe temporal limitations.
Using relative relocation methods [Waldhauser, 2001; Waldhauser and Ellsworth,
2000; Zhang and Thurber, 2003, 2006], the AVO seismic event catalog from 2014 to 2015
is also relocated to more precisely define the spatial distribution of seismic event locations
at Semisopochnoi Volcano as they relate spatially to surface deformation. This work also
illustrates limitations of tomographic inversions created from observations of shallow
events recorded by small seismic networks. Finally, the geodetic and seismic models
produced in this study are integrated with previously published geochemical analyses
[Coombs et al., 2018] in the first multidisciplinary assessment of the plumbing system at
Semisopochnoi.
5.2 Background
The easternmost extension of the United States and North America by longitude is
Semisopochnoi Island (179.58°E), a remote and uninhabited volcanic island that is part of
the Rat Island group in the western Aleutian island arc [Fig. 5.1]. The western Aleutian
volcanoes are relatively younger and smaller than their eastern counterparts [Scholl et al.,
1986], and Semisopochnoi is the largest of these younger volcanoes, with an approximate
diameter of 20 km. Surface features of Semisopochnoi are largely dominated by the main
caldera centrally located on the island, with a diameter of ~8 km [Fig. 5.1]. Polygenetic
stratovolcanoes and monogenetic cones surround the main crater rim and exhibit varying
compositions of basalt, andesite, and dacite [Coats, 1959; Coombs et al., 2018].
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Figure 5.1. Tectonic location map of the Aleutian Island Arc (A.), with the Bering plate
outlined in red dashed lines and clockwise rotation indicated with bold red arrow (Cross
and Freymueller, 2008). Pacific plate motion is indicated with red arrows that show
increasing rate and obliquity to the west. Outlined black box (A.) indicates the Rat Island
group (B.). Red dashed region in (B) outlines the rupture zone of the 1965 M8.7
earthquake, and epicenters and focal mechanisms for the 2014 M7.9 and M6.4 are plotted.
Semisopochnoi is outlined with a black box. The abandoned subduction trench, Bowers
Ridge, is also prominent to the north of Semisopochnoi (black box). SAR intensity image
of Semisopochnoi (C.) shows locations of the six seismic stations, CEAP (1.), CETU (2.),
CEPE (3.), CERB (4.), CESW (5.), and CERA (6.). The prominent and recent eruptive
peaks, Lakeshore Cone, Anvil, Sugarloaf, and the Mount Cerberus cone complex as well
as Fenner Lake are labeled. The caldera is outlined by a solid red line.

238

The western Aleutian arc is primarily influenced by complex north-west oblique
subduction of the Pacific plate beneath the Bering plate. The tectonic stress regime at
Semisopochnoi is potentially further complicated by local effects associated with its
location on the southern extent of an abandoned subduction trench, Bowers Ridge [Cooper
et al., 1981; Kienle, 1971; Ludwig et al., 1971; Rabinowitz, 1974; Scholl et al., 1986;
Wanke et al, 2012] [Fig. 5.1]. The Bering plate rotates clockwise around an Euler pole
located at 42.5°N, 121.3°E with an angular speed of 6.0°/Ma [Cross and Freymueller,
2008]. This rotation creates complicated subduction angles that begin to shear the Aleutian
arc in the west as the boundary evolves from convergent to transform. Geist et al. [1988]
define a system of five blocks with independent clockwise rotation along the Aleutian arc
from geologic, magnetic, and seismic studies. The Rat Islands block is described as having
northeast-southwest trending linear features with extensional and strike-slip motion
evident in seismic reflection profiles. These stress regimes are described independently
using GPS and block models by Cross and Freymueller [2008].
Trends in tholeiitic differentiation and the relatively large erupted volumes at
Semisopochnoi volcano are indicative of relatively fast magma ascent through fractured
lithosphere [Grosse et al., 2014]. These tholeiitic eruptions reflect segmentation boundary
volcanism due to the extensional rotating block, as well as the intersection of Bowers Ridge
with the Aleutian trench [Coats, 1959; Coombs et al., 2018; Delong et al., 1985; Geist et
al., 1988]. The only confirmed eruptions occurred in 1873 from the Mount Cerberus three
cone complex, but in 1987 eyewitness accounts indicate a potential eruption from
Sugarloaf Peak. Four eruptions are suspected to have occurred in the last century from the
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polygenetic stratocone Mount Cerberus, Sugarloaf Peak, and the monogenetic Lakeshore
cone [Coats, 1959; Coombs et al., 2018].
There have been no observations of volcanic activity at Semisopochnoi for the past
three decades and the most notable events have been limited to earthquake rupture along
the Aleutian trench. For this reason, the sudden onset of volcanic seismic activity in 2014
was unusual and is described in Cameron et al. [2017] and summarized as follows. In the
summer of 2014 and the early spring of 2015, Alaska Volcano Observatory (AVO)
seismometers on Semisopochnoi and surrounding islands [Fig. 5.1] recorded elevated
levels of seismic activity. The seismic network, installed in 2005, had only recorded a low
(background) rate of local seismic events prior to the 2014 activity. The 2014-2015
microseismic events (magnitudes of -0.7 – 2.8) were primarily located at upper crustal
depths (<10 km bsl), but neither swarm resulted in a volcanic eruption [Cameron et al.,
2017; Dixon et al., 2017]. Five of the six seismic stations on Semisopochnoi were
operational when low frequency seismic events were first observed on 1 June 2014. On 9
June the seismic swarm, comprised mainly of high-frequency earthquakes, began, and
volcanic tremor was first noted on 12 June. By 13 June the number of daily events was
greater than double than that of the three previous days. The number of daily events reached
a maximum (223; all high frequency) on 14 June 2014 [Fig. 5.2]. Following this peak in
activity the number of daily events decreased to 20–30 by the end of June, and continued
to decline to background levels by early September 2014. The cumulative magnitude of
the 2014 seismic activity is ~M3.2. An M7.9 oblique-extensional earthquake occurred on
23 June 2015, 73 km southwest of Semisopochnoi at 100 km bsl [Fig. 5.1] and appeared to
have no effect on Semisopochnoi’s seismic activity. A M6.4 strike-slip aftershock occurred
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the next day in the same region of the 1965 M8.4 rupture zone [Fig. 5.1]. These larger
tectonic events follow the stress regime and expected motion defined in the Geist et al.
[1988] block models.

Figure 5.2. Green histograms show the number of daily seismic events at Semisopochnoi
Island from the beginning of 2014 through the end of 2015. Dates of acquired SAR images
are plotted as red dashed lines (good quality) and black dashed lines (poor quality). The
solid blue lines indicate the 2014 date of the M7.9 earthquake and the 2015 initial tremor
report (25 March 2015).

In January 2015 microseismic unrest was once again detected at Semisopochnoi
and the number of daily events increased until 20 March 2015 [Fig. 5.2] with episodes of
volcanic tremor recorded on 25 March [Dixon et al., 2017]. After March 2015 there was a
decline in frequency and intensity until early April 2015 when the volcano returned to a
state of quiescence [Dixon et al., 2017]. The total amount of seismic energy released during
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these four months (~M3.2) is similar to that of the June-July 2014 swarm, with events
located in the same upper-crustal region below the center of the island [Dixon et al., 2017].
There are no GPS stations located at Semisopochnoi Island, and only one other
study [Lu and Dzurisin, 2014] has published InSAR images of Semisopochnoi. These
interferograms were generated from Envisat images acquired between 2004 and 2010.
They appear to exhibit up to ~1 cm/yr of subsidence located only at the Mount Cerberus
cone complex, while the majority of the island is non-deforming. The limited spatial extent
of deformation in that study and the differences between ascending and descending images
of the magnitude of deformation on the north-flank of Mount Cerberus indicated a shallow,
localized deformation source possibly resulting from mechanisms such as thermoelastic
contraction, mechanical compaction, or even gravitational sliding.
5.3 InSAR analysis
5.3.1 SAR images and processing
TerraSAR-X data (wavelength = 3.11 cm) descending pass images with a steep
look angle of 45° are acquired every 11 days over Semisopochnoi, but due to snow cover,
and thereby loss of coherence, only 17 images from summer months can be used to study
surface displacements during 2011–2015 [Fig. 5.2]. GAMMA software is used to process
these data and resolve deformation [Lu et al., 2005a, 20010; Wegmuller, 1997; Wegmuller
et al., 1998]. The images are differenced from each other to create 136 interferograms
where the primary image is always an earlier date than the secondary image. GAMMA’s
adaptive filter (ADF) is then used to filter all of the interferograms in their original SAR
coordinates before they are geocoded into map coordinates and filtered a second time in
map coordinates, again using the ADF algorithm, and finally phase unwrapped [Table
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S5.1] [Lu et al., 2005a, 2010; Wegmuller, 1997; Wegmuller et al., 1998]. Observed
deformation is radial and island-wide, and the gradient is consistent in all directions (the
136 unwrapped interferograms are available in the data repository; see Acknowledgments).
The lengths of the perpendicular baselines are relatively short, with a maximum of 217 m
and a mean of 14 m [Fig. S5.1] so island-wide deformation is not expected to result from
perpendicular baseline error based on the pair-wise logic [Massonnet and Feigl, 1998].
Two images from Sentinel-1 and seven images from ALOS-2 were also obtained.
The two Sentinel-1 images were used to generate one interferogram [Fig. S5.2], but
unfortunately from the seven available ALOS-2 images, only one coherent interferogram
was produced [Fig. S5.3]. These two interferograms are during periods when there was no
seismic activity, and they both show no deformation but include topography-related
atmospheric noise. These images are not used in any of the models because of their lack of
deformation but are included in Supporting Information [Figs. S5.2 and S5.3] because their
temporal resolution provides additional constraints on when deformation was not
occurring, and they provide constraints on the error introduced by topography-correlated
atmospheric noise into interferograms showing uplift..
It is important to note that when an interferogram is generated, LOS displacements
are given as relative measurements, not absolute measurements. Generally, this is not an
issue, because the reference point is established as a pixel far from the deforming area that
is considered to be stable. However, due to the island-wide nature of the observed
deformation at Semisopochnoi, a stable reference pixel is unavailable, and the reference
pixel (chosen as the farthest west pixel with coherence) is often undergoing deformation
as well. Therefore, the measured LOS displacements are underestimating the actual surface
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deformation by the unknown magnitude of displacement that is occurring at this “stable”
pixel. Each interferogram will also have a different ratio between the maximum LOS
displacement and the displacement at this “stable” pixel because the deformation gradient
does not remain constant in time, so the offset between measured LOS displacement and
actual surface deformation is not constant across all interferograms.
The interferograms created from images acquired in 2014 do not span the entirety
of the seismic swarm events, but instead begin on 15 June 2014, 15 days into the swarm.
The coherent images from 2015 are acquired long after the 2015 seismic swarm had
stopped [Fig. 5.2]. Deformation during the later stages of the 2014 seismic swarm and the
entirety of the 2015 seismic swarm can thus only be estimated using year-long
interferograms. Because of the poor temporal resolution of the deformation periods we did
not expect timeseries analysis to provide any additional use, nevertheless the method was
tested using both the GAMMA program MB and the small baseline subset (SBAS) method
[Bernardino et al., 2002] that has been applied at other volcanoes [Biggs et al., 2010; Lee
et al., 2006; Lundgren et al., 2004]. These methods produce a timeseries of cumulative
deformation for each image acquisition date using pixels that are coherent in each of the
interferograms used in the inversion. In an effort to preserve coherence during this process,
interferograms were assembled into smaller groups that isolate distinct deformation periods
based on their temporal range, identified as “pre-2014”, “2014”, “2015”, and “2014-2015”
[Table S5.2 and Figs. S5.4-S5.7]. Because no satellite acquisition dates are concurrent with
the majority of the deformation, the use of a one-year interferogram [Figs. S5.5 and S5.6]
is necessary for both the 2014 and 2015 timeseries generation. This reduces the number of
coherent pixels available for timeseries inversion and unfortunately eliminates the
244

deformation signal in the center of the caldera and along the perimeter of the island [Figs.
S5.8 and S5.9]. Because this loss of coherence in the center of the island results in loss of
accumulated deformation, location of maximum displacement, and poor definition of the
geometric pattern of that displacement the application of timeseries inversion is not
appropriate for our dataset and is not used further in this study [Figs. S5.8 and S5.9].
While the images with long temporal baselines reduce coherence for timeseries
generation there is, nonetheless, a surprising amount of coherence for both long and short
period interferograms due to the lack of tall vegetation on the island. A distinct period of
significant inflation is temporally associated with the 2014 microseismic swarm and is
most obvious in interferograms that span 11 August 2013 to 15 and 26 June 2014 [Figs.
5.3a, 5.3d, 5.4, 5.5 and S5.5]. Inflation continues into July and little to no deformation is
observed for the rest of the month as the seismic activity began to decline [Figs. 5.3c, 5.3e,
5.3f, and S5.5]. A small signal between the end of July and beginning of August 2014 is
evident [Figs. 5.3e, 5.3f, and S5.5] but has little contribution overall to the cumulative uplift
across Semisopochnoi (~17.1 cm in the line of sight (LOS) direction from 11 August 2013
- 9 August 2014). The uplift observed in the late July-August interferograms is centered in
the southeast corner of the caldera, to the north of Sugarloaf Peak and the east of the Mount
Cerberus cone complex. This asymmetric, radial inflation has an elongated shape that
trends to the southeast/northwest so that the spatial pattern of the surface deformation
appears to have a slight eccentricity, which could be an artifact of the steep look angle of
the satellite. Gradients are largest to the west and decrease with distance from the point of
maximum displacement that is at the center of the deformation pattern in every
interferogram that exhibits displacement.
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The seismic activity (See 5.4.0 for detail) in 2015 began during late winter and
continued into early spring, when the island was still covered in snow. Deformation directly
associated with the swarm cannot be observed using SAR images during these winter
months because of the loss of coherence. Instead, interferograms between August 2014 and
the summer of 2015 are used to measure the cumulative surface deformation that occurred
during that time frame [Fig. S5.6]. This long temporal baseline between images results in
less coherent interferograms, even after the same adaptive filters used in 2014 are applied.
The resulting interferograms do, however, retain a sufficient amount of coherence to
observe deformation patterns similar to those measured in 2014 [Fig. S5.6]. The source of
the 2015 inflation appears to have shifted to the southeast since 2014 and is positioned on
the outside edge of the main caldera, south of Fenner Lake [Figs. 5.1, 5.4, 5.5, and S5.6].
The steeper surface deformation gradient to the west, decreasing with distance across the
island, is also similar to the spatial pattern in the 2014 [Figs. S5.5 and S5.6]. The total LOS
inflation across the island is ~7.8 cm in 2015, which is slightly less than half of the
measured LOS displacement in 2014 (~17.1 cm). The interferograms acquired in the
summer of 2015 over several of the 11-day revisit periods exhibit little to no deformation,
and the seismic activity during this time period is significantly lower than prior months
[Fig. 5.2].
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11 Aug 2013 - 15 Jun 2014
6 fringes = 9.3 cm
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15 Jun 2014 - 26 Jun 2014
4 fringes = 6.2 cm
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11 Aug 2013 - 26 Jun 2014

15 Jun 2014 - 09 Aug 2014
6 fringes = 9.3 cm
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26 07
July
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09
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1 fringe = 1.6 cm

e.

September

2 fringes = 3.1 cm

f.

07 Jul 2014 - 18 Jul 2014

26 Jun 2014 - 09 Aug 2014

Figure 5.3. Timeline created from a selection of six unwrapped interferograms from 2014.
LOS deformation is consistently centered to the north of Sugarloaf Peak on the southeast
edge of the caldera with a decrease in the deformation gradient towards the western edge
of Semisopochnoi. Interferograms b. and f. have a combined magnitude of deformation
equal to the deformation in interferogram c., which covers deformation over the total
temporal span of the b. and f. interferograms. This phase closure illustrates the reliability
of processing methods, coherence consistency, and a high signal to noise ratio (SNR)
through consistent deformation patterns and magnitudes. The satellite azimuth is -170°
with a look angle of 45°, primary and secondary image acquisition dates are indicated
above or below each interferogram, the top left (northwestern) corner of each interferogram
has coordinates of (52.0453°N, 179.4445°E), all images are unwrapped, and each fringe
represents 1.55 cm of LOS displacement. These conventions are applied to all
interferograms [Figs. 5.4-5.5 and S5.4-S5.7]. The entire set of images used for modeling
can be found in Figures S5.4-S5.7.
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This relatively extensive spatial coherence between calendar years extends to the
two-year period that involves both the 2014 and 2015 seismic swarms [Figs. 5.4, 5.5, and
S5.7]. Not surprisingly, the shape and center location of the deformation is roughly the
average of the two years individually and similarly the observed LOS uplift of ~24.8 cm
from 11 August 2013 – 07 August 2015 is essentially the same amount of LOS
displacement seen in the independent 2014 and 2015 interferograms (17.1 cm and 7.8 cm,
respectively).
Atmospheric error is a common, but poorly quantified, effect in the Aleutian Arc
due to the localized and turbulent nature of atmosphere at small, isolated, volcanic islands
[Lu and Dzurisin, 2014; Wang et al., 2018]. Semisopochnoi presents particular difficulties
in this respect, as topographic changes across the island are irregularly shaped, and the
nearest ground-based weather stations are hundreds of kilometers away. The variability in
local atmospheric weather can clearly be observed in non-deforming images from 2011
and 2015 [Figs. S5.4 and S5.6, respectively] and in model residuals. Because these nondeforming interferograms vary in spatial pattern and magnitude, it is inappropriate to
simply select one of these images and apply it as an atmospheric correction. Instead we
attempted to correct the interferograms for atmospheric error at Semisopochnoi using
tropospheric modeling and semi-variogram analysis.
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Figure 5.4. Total deformation for the year of 2014 (a.) including the seismic swarm comes
to ~17.1 cm of uplift; this agrees with the sum of individual interferograms in Figure 3. In
2015 a total of 5 fringes (~7.8 cm of deformation) are observed across the island (b.), which
can be added to the total deformation for 2014 (a.) for a two-year total deformation of 24.9
cm. This is verified by the two-year interferogram (c.). By the summer of 2015, once
seismic activity had ceased, deformation is not expected to be significant and the
displacement signal is dominated by topography-correlated noise (d.). The entire set of
images used for modeling is included as supporting information [Figs. S5.4-S5.7].
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11 Aug 2013 – 15 June 2014

15 June 2014 – 09 Aug 2014

11 Aug 2013 – 09 Aug 2014 11 Aug 2013 – 18 Aug 2015

Figure 5.5. Comparison of surface deformation in processed interferograms (top row),
synthetic model estimates and their corresponding residuals during a sample of time
periods during 2014. The primary and secondary image for each interferogram is indicated
at the top, and the type of model is indicated on the left. The source location is indicated
with a red star and the associated model parameters can be found in Tables S5.6-S5.17.
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Tropospheric delay estimations for each image acquisition date were obtained from
the Iterative Tropospheric Decomposition (ITD) model [Yu et al., 2017] available through
the GACOS system [Yu et al., 2018a, 2018b]. The ITD model utilizes SRTM and ASTER
DEMs in combination with the high resolution (0.125 degree, 6-hour) weather models
produced by the European Centre for Medium-Range Weather Forecasts [Fig. S5.10].
Unfortunately, these models do not provide adequate resolution for Semisopochnoi Island
(~0.310 degrees diameter), and the result is simply a topography-correlated atmospheric
model that does not vary significantly in time. The maximum estimates of atmospheric
delay from the ITD model are ~2.5 mm [Fig. S5.10], which is one order of magnitude less
than the observed deformation, and thus not expected to influence model results.
Semivariogram analysis is another method commonly used to estimate covariance
within a geospatial image under the assumption that errors in the data can be simulated
using an exponential function [Webster and Oliver, 2007]. This method can only be applied
to non-deforming images because the purpose is to estimate co-variance of the data noise
and deformation would dominate the signal. Unfortunately, when this method was applied
to the non-deforming interferograms from 2011 and 2015 it became clear that fitting an
exponential function to the data was a subjective exercise, based on the user’s selection or
masking of specific areas of an interferogram, that could not accurately depict the data [see
Supporting Text S5.1, Figs. S5.11-S5.15, and Table S5.3 for further details].
Subsampling using quadtree analysis can sometimes be useful to eliminate
atmospheric error, estimate covariance, and increase computational efficiency (Lohman
and Simmons, 2005). This technique was also found to be subjective [see Supporting Text
S5.2, Figs. S5.16-S5.18, and Tables S5.4 and S5.5 for further details]. Quadtree model
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input values that determine the method (mean, median, or bi-linear), variance threshold,
and other important parameters such as the way variance is calculated or how many
iterations are used, are completely user-defined. The input parameter values are also rarely
published and relate to the spatial scale and magnitude of deformation in each individual
image. When objective, standardized limits were applied to these interferograms, we
produced deformation maps with varying spatial patterns and magnitudes of displacement
that oversampled areas with coherence loss rather than the deformation. Additionally,
comparison with the original interferograms shows that the maximum deformation value
estimated using quadtree methods is consistently higher than any of the interferogram
measurements [Fig. S5.18]. While this method has been successfully applied at other
locations, interferograms at Semisopochnoi are not ideal and the application of quadtree
subsampling algorithms cannot be objectively, efficiently, and appropriately applied.
In summary, we are unable to accurately remove atmospheric effects from the
interferograms presented in this study, or to precisely quantify atmospheric error in the
interferograms (generally the largest source of error). From non-deforming interferograms
and model residuals we estimate the atmospheric error to be on the order of 1mm – 1cm
and primarily dominated by turbulent effects. Techniques commonly applied to InSAR
interferograms

involving

timeseries

generation,

atmospheric

quantification,

semivariogram analysis, and subsampling are found to be inappropriate and thus not
applied to this dataset [see Foster et al., 2013 and Kinoshita et al., 2013 for similar
conclusions]. This is to avoid the potential for bias or addition of unknown error to a dataset
where uncertainty cannot be defined from the acquisition of the data, in the first place.
Semisopochnoi is a data-limited case in which the magnitude, spatial extent, and timing of
252

deformation are non-ideal for these processing techniques. To compensate, we invert the
full interferograms (see next section) rather than subsampled interferograms to take
advantage of the high spatiotemporal coherence and to maximize constraints on geodetic
models, resulting in the lowest error possible given the fundamental limitations of our
dataset. We also note that estimates of atmospheric error appear to be sub centimeter,
consistent with estimates of turbulent artifacts at similar volcanoes [e.g., Parker et al.,
2015], and thus unlikely to make a significant difference in our results. Further studies to
investigate the effects of an unstable reference point, subsampling bias, and turbulent
atmospheric noise on deformation source parameters would be a valuable contribution to
the field, but are not within the scope of this study (see Supporting Information for
additional discussion).
5.3.2 Inversion of surface deformation
The surface deformation at Semisopochnoi Volcano, observed in the processed
interferograms, was analyzed through the inversion of LOS displacement measurements to
define the best-fit deformation source parameters for three commonly used geometries [Lee
et al., 2006, 2013; Lu and Dzurisin 2010, 2014; Lu et al., 2002, 2003, 2005, 2007;
Masterlark et al., 2012]. The latitude, longitude, depth, source geometry, and
pressure/volume change for a Mogi point source [Mogi, 1958], Yang spheroid [Yang et
al., 1988], and Okada dislocation plane [Okada, 1985] were estimated in Matlab through a
non-linear least squares inversion of Monte Carlo simulations limited by upper and lower
bounded input parameters, using the “trust-region-reflective” optimization algorithm to
minimize the residual sum of squares (RSS) with an error tolerance of 0.0001 and a
maximum of 2500 iterations for each simulation [DeGrandpre et al., 2017; Lu et al., 2002,
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2003, 2005, 2007]. Residuals are calculated by estimating the three-component
displacement (east, north, and vertical) from the forward model predictions for each pixel
in the interferogram, converting these directional displacements to LOS displacements, and
then subtracting them from the LOS measurement available from every coherent pixel.
Topographic model corrections [Williams and Wadge, 1998] were not made and are not
expected to have a significant influence at Semisopochnoi where the average elevation is
less than 500 m (maximum ~1200 m at the summit of Anvil Mountain). Each interferogram
is inverted independently for the deformation source parameters associated with each
model. The advantage of using interferograms, as opposed to other geodetic techniques
like GPS or tilt meters, is that they provide extensive spatial coverage of the study area,
allowing for better definition of the latitude, longitude, and geometry of a deformation
source through inversion modeling [Biggs et al., 2010]. Unfortunately, the data are only
for a single viewing geometry, so that the horizontal/vertical deformation ratio cannot be
established and while InSAR is generally more sensitive to the vertical component of
displacement, the data were obtained from a steep incidence angle (~45°), so horizontal
deformation may have a measurable impact on the total LOS displacement. The depth and
volume estimates of these models are thus non-unique and the size and resolution of each
image requires attention to computational efficiency, especially with large datasets, like
that acquired here. To reduce computational cost, the interferograms were first analyzed
visually those with low coherence or obvious errors from atmosphere or baseline noise
were discarded, so that the total number of images used in the inversion was reduced from
136 to 66 [Table S5.1 and Figures S5.4-S5.7] and a limit of 25 Monte Carlo simulations
was used for each image.
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5.3.3 InSAR surface deformation model results
The deformation groups that were created to test timeseries analysis methods
(Section 5.3.1) were used to analyze deformation model results in order to preserve any
source differences or progressions observed between the 2014 and 2015 seismic swarms
[Table S5.2 and Figures S5.4-S5.7]. This was done so that the best fitting model for each
time frame could be independently averaged, and unique source parameters identified,
providing a temporal as well as spatial evolution of this deformation source. The 2014 and
2015 groups were further subdivided into two sections to compare the difference between
deformation associated with or independent of seismic activity. Tables 5.1, 5.2, and 5.3
summarize the modeling best fit results for each time period and the complete list of input
interferograms, parameterization, and results can be found in Supporting Information
[Tables S5.6-S5.17]. The inverse square of the RSS value for each model is used as a
weighting factor in the calculation of each group average so that ill-fit model parameters
do not dominate the group average [Tables 5.1, 5.2, and 5.3]. This is performed under the
premise that interferograms in each group reflect similar amounts of deformation.
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Table 5.1. Weighted average best fit Mogi model parameters for each interferogram group
as defined in Table S5.1.

Group

Longitude
(dec. deg.)

Latitude
(dec. deg.)

Depth
(km)

Volume
(km3)

Pre-2014

179.579

19.728

2.2

0.009

2014a

179.609

51.94

6.1

0.013

2014b

179.626

51.924

7.9

0.022

2015a

179.635

51.932

8.0

0.038

2015b

179.627

51.949

8.4

0.003

2014-2015

179.608

51.927

8.1

0.054

Table 5.2. Weighted average best fit Okada model parameters for each group of
interferograms. Length is defined as the length of the dislocation plane in the strike
direction, width is the distance down dip from the top of the plane to the bottom of the
plane. Depth is defined as the location bsl of the center point on the bottom edge of the
plane. Strike and dip motion on the plane is fixed to 0, so displacement can only be a result
of opening (diking) motion.

Group
Pre-2014
2014a
2014b
2015a
2015b
2014-2015

Length
(km)
1.38
6.04
2.47
0.92
0.67
3.24

Width Depth Dip Strike Longitude Latitude Opening Volume
3
(km) (km) (deg.) (deg.) (dec. deg.) (dec.deg.) (mm)
(km )
9.05 6.3 58.9 256.8 179.591
51.953
6329
0.372
0.82 9.1 40.2 298.8 179.604
51.917
47906 0.463
3.01 9.0 44.8 259.8 179.626
51.914
34327 0.215
0.69 9.0 62.7 284.0 179.590
51.915
37685 0.192
0.58 9.7 47.4 321.6 179.619
51.910
91128 0.349
1.44 9.8 33.5 276.1 179.645
51.912
80885 0.770
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Table 5.3. Weighted average best fit Yang model parameters for each group of
interferograms. The a axis is the major axes, and the axis that the plunge is applied to.
Because this is a spheroid, the b and c axes are the same length.

Group

Longitude
(dec. deg.)

Pre-2014
2014a
2014b
2015a
2015b
2014-2015

179.602
179.618
179.622
179.656
179.602
179.641

Pressure Length
Latitude Depth
of a
Change
(dec. deg.) (km)
(km)
(MPa)
51.981
2.6
0.599
2.95
51.934
8.6
15.064
4.12
51.918
6.7
2.242
5.65
51.932
7.9
28.431
1.19
51.938
5.8
1.815
4.61
51.936
8.1
42.731
1.43

Length
of b
(km)
0.55
0.97
0.81
0.62
1.57
0.85

Strike
(deg.)
132.9
138.8
72.0
206.0
95.8
157.2

Plunge Volume
(deg.)
(km3)
14.2
46.2
37.1
5.7
61.2
42.3

0.001
0.043
0.010
0.029
0.005
0.056

The RSS values can only be used to compare the model fit of one geometry (Mogi,
Okada, or Yang) for one interferogram and are not a valid tool for comparison between
model geometries or interferograms. The Mogi model employs only four parameters, while
the Yang and Okada models involve nine parameters, so that they have different degrees
of freedom. Conventional statistical tests that evaluate the variance between models of
different complexities cannot be applied to determine a better fit geometry due to the large
amount of data points used to define each model. This is a limitation associated with using
complete interferograms (up to 537,156 pixels). The RSS of two interferograms also cannot
be compared, even for the same model geometry, for two reasons: The first is that each
interferogram has a different number of coherent pixels, so that the number of data points
differs between interferograms and this will influence the RSS value. The second is that
the RSS is also related to the magnitude of deformation that occurs in the interferogram,
but without a quantifiable relationship. Interferograms that involve little to no deformation
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may have very low RSS values while interferograms with significant deformation may
have a higher RSS value, but actually provide a more realistic and better fit to the
deformation source parameters. For these reasons statistical analysis of an overall best fit
model to all of the data presented in this study cannot be performed and we instead inspect
the results from each model geometry for residual patterns [Fig. 5.5], realistic source
parameters, and consistently fit models throughout interferograms with significant
deformation [Tables S5.6–S5.17].
As expected, the Mogi point source model does not converge consistently during
the pre-2014 period [Table S5.6] due to time-varying atmospheric noise and a lack of
observed volcanic deformation. The 2014 group of interferograms show more consistency,
especially in the latitude and longitude [Fig. S5.6], but the depth varies from ~3 km to ~7
km bsl [Table S5.7]. When interferograms are created using only images from 2014 with
significant deformation, the depth and volume estimates begin to stabilize between 5–7 km
bsl [Table S5.7]. In 2015 the depths are generally estimated to be deeper for the
interferograms with longer temporal baselines, which also have a worse fit than
interferograms with shorter temporal baselines over the summer [Table S5.8]. These
summer interferograms have little deformation and are logically fit with very little volume
change. The non-uniqueness of the depth and volume relationship is clear during these
periods. Interferograms that span deformation that occurred in 2014 and 2015 show a range
of point source depths from 6–10 km bsl, with a mean depth of ~8 km bsl [Fig. 5.5, Tables
5.1 and S5.9]. Generally, the parameters defined in the Mogi point source models are
realistic and visual inspection of the model predictions and residuals show that a point
source provides a good fit overall [Fig. 5.5]. The residual patterns exhibit small amounts
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of topographically correlated atmospheric effects that are most likely dominated by
prevailing wind direction.
The Okada models produce much lower RSS values than the Mogi models, as
expected, because there are nine parameters with which to fit the data rather than four
[Table 5.2]. Due to the time-varying atmospheric noise and lack of deformation, the pre2014 interferograms are inconsistently fit by both large and small planes (lengths between
0.79-8 km and widths between 0.5-15 km) with depths that range from 3-10 km bsl [Table
S5.10]. This instability in parameter estimation for Okada solutions continues in the 2014
interferograms, with the exception of the depth parameter estimates that remain deep and
often reach the upper boundary limit of 10 km bsl [Table S5.11]. This depth limit is not
adjusted further as the model depth resolution is related to the surface deformation data
coverage, in this case restricted by the size of the island (~20 km in diameter). The opening
estimates are also extreme and unrealistic, with some reaching hundreds of meters, leading
to similarly large volume changes. For 2015 and 2014-2015 data the Okada model fits the
interferograms with a small plane at the boundary depth of 10 km but again with extreme
and unrealistic opening values in the hundreds of meters [Tables S5.12 and S5.13]. The
weighted average parameter estimates for each group are not similar or indicative of any
sort of trend except for a generally deeper source being fit with a large amount of volume
change, signifying a poor overall fit of this model to the data [Table 5.2]. The residual
images for all interferograms have a radial pattern that the Okada model cannot resolve
[Fig. 5.5]. Because the data are measured from a single viewing geometry, we cannot
separate the horizontal and vertical components, and therefore discriminate between
different source geometries. However, the large magnitude and spatial patterns of the
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Okada model residuals could not result simply from sensitivities to the horizontal and
vertical deformation ratios, and we conclude that this geometry can be eliminated as a
possible deformation model.
The Yang spheroid model results are very similar to the Mogi model results in bestfit spatial parameters but differ in RSS values and volume estimates. The majority of the
models have major (a) and minor (b and c) axis lengths of 0.5–4.0 km. The pre-2014
interferograms are again inconsistently fit by either shallow depths with little volume
change or a deeper source at the depth boundary limit of 10 km bsl with larger volume
changes [Table S5.14]. The 2014 interferograms consistently define a modeled source at
6–9 km bsl, with a weighted average volume influx of 0.043 km3 [Tables 5.3 and S5.15].
The source location shifts in the 2015 interferograms [Table S5.16] by a few kilometers to
the northeast, and the depth and volume estimations decrease (by insignificant amounts)
by the end of the summer. The deformation source location for the interferograms that span
both the 2014 and 2015 inflation periods is shifted directly to the west of the 2015 location
by 1 km, while the weighted average depth (8.1 km bsl) is closer to the 2014 deformation
estimates. The volume calculated for this time period is larger while axes lengths are
smaller [Tables S5.17], likely due to the large magnitude of deformation over these two
years with no constraint on the spatial extent because Semisopochnoi is a small island. The
interferogram group weighted averages show similar values for the spheroid latitude,
longitude, depth, axes lengths, and plunge parameters, indicating some temporal stability
[Table 5.3]. The spheroid residuals are extremely low and indicate no systematic spatial
patterns other than occasional atmospheric/topographic effects on the peaks of Anvil,
Mount Cerberus, and Sugarloaf summits. The modeled and residual interferograms again
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indicate that the Yang source model is characterizing deformation adequately and that the
SNR is not affected by atmospheric noise of a similar magnitude [Fig. 5.5]. The fringes
that are modeled almost exactly match the number and pattern of the observed fringes in
the interferograms, much like the Mogi model results.
5.4 Seismic analysis
Between 2012 and 2016, AVO located 2636 earthquakes at Semisopochnoi
[Cameron et al., 2017 and Dixon et al., 2017] using the 6 local seismic stations (5 short
period, single component and one broadband [CERB] 3-component) and several other
stations located on surrounding islands [Figs. 5.1, 5.2, and 5.6]. The majority of events
comprise the 2014 and 2015 swarms and are concentrated at mid- to shallow-crustal depths
(0-9 km bsl) beneath the south-center of the island and the most recently active cones in
the large caldera [Fig. 5.6]. Routine locations at Semisopochnoi are computed using AVO
analyst verified and weighted P and S wave arrival times, static station corrections, and a
one-dimensional regional velocity model [Fogleman et al., 1993; Fig. 5.7].
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Figure 5.6. Map and depth locations of original AVO catalog hypocenters at
Semisopochnoi from 2014 to 2015 (the temporal range of available interferograms).
Locations of seismic stations are indicated with black triangles, main cones are labeled,
and the dashed black line corresponds to the caldera as outlined in Figure 5.1.
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Figure 5.7. 1D velocity models appropriate for Semisopochnoi [Dixon et al., 2013;
Fogelman et al., 1993; Toth and Kisslinger, 1984]. Points indicate an inversion grid node
within tomoDD. Note the wide range of Vp. Vs conversions use a Vp/Vs ratio of 1.78 in
the Regional and Tanaga models and for the Andreanof model 1.73 is used.

Due to the difficulties of locating earthquakes along volcanic island arcs using
small seismic networks, relative relocation methods have been applied at many Alaskan
volcanoes to improve hypocenter precision [Buurman et al., 2013; DeShon et al., 2007;
Johnson et al., 2010; Murphy et al., 2014; Ohlendorf et al., 2014; Pesicek et al., 2008;
Ruppert et al, 2011; Statz-Boyer et al., 2009; Syracuse et al., 2011, 2015]. Following on
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the success of many of these studies, we use the double-difference tomography algorithm
tomoDD [Zhang and Thurber, 2003] combined with waveform cross-correlation (WCC) to
minimize the difference between the observed and predicted travel times for pairs of events
at common stations (i.e. differential times [DTs]), without the need for station corrections
[Waldhauser and Ellsworth, 2001]. A hierarchical dynamic weighting scheme is applied
that properly accounts for the varying data quality of the absolute travel time data derived
from the AVO picks, and the catalog and WCC based DTs [Table S18]. Following Pesicek
et al. [2014], we use the program GISMO [Reyes and West, 2011] to compute the WCCs
with 0.3 and 0.5 sec windows around the P- and S- picks, respectively. Event pairs with
WCC coefficients below 0.7 are excluded from the DT dataset. To increase the number of
WCC derived S-wave DTs, we use the 1D model [Fig. 5.7] to predict S arrivals for stations
lacking S-picks and use the resulting arrival times to form windows for further WCC [Du
et al., 2004; Pesicek et al., 2008]. This allows us to increase the number of S-wave DTs by
a factor of 5. However, S-wave DTs remain a minor percentage of the overall DTs used
(~1%). In total, we use 14,095 direct P and S travel times, 207,598 catalog based
differential times, and 382,163 WCC differential times to relocate the events at
Semisopochnoi.
Location uncertainty is assessed by varying the 1D velocity model and perturbing
initial hypocenter information (i.e., assuming pick times are 100% accurate). In addition
to the Fogleman et al. [1993] velocity model that is routinely used, AVO has also published
two, more regionally specific, one-dimensional velocity models that could be considered
appropriate for Semisopochnoi [Toth and Kisslinger, 1984; Dixon et al., 2013] [Fig. 5.7].
All three models are converted into gradients, the velocity model format used in tomoDD,
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and expanded into 3D velocity models using a coarse node spacing on the order of 100s of
kms and a fine node irregular spacing varying from 0.5 km under the summit to 5 km at
the edges of the model [Supporting Text S5.3]. In depth, nodes were placed every 0.5 km
from the surface down to 10 km bsl with 6 additional deeper nodes at 15 km, 20 km, 25
km, 33 km, 47 km, and 65 km bsl [Fig. 5.7]. To account for topography the ground surface
is defined to be 1 km above sea level. Changes in initial velocity model and node spacing
yield epicentral locations, depths, and origin times with mean changes and standard
deviations that exhibit little change between alternative velocity models, but measurable
deviations from the original catalog times and locations of events [Table 5.4, Fig. S5.19,
and Supporting Text 5.3 for further details]. Mapped locations using other models are
provided in Figure S5.20. Placing all earthquakes at the cluster centroid within the
Fogelman model rather than the AVO hypocenter yield a final earthquake dataset that
varies from the final preferred earthquake catalog by a mean (standard deviation) of -0.06
km (+/- 0.33) latitude, -0.07 km (+/- 0.34) longitude, 0.16 km bsl (+/- 0.36) depth, and
0.05 s (+/- 0.02) origin time. Combined, these tests suggest absolute location uncertainties
on the order of ~ 0.50 km for epicenters, ~1.00 km for depths, and 0.07 s for origin times.
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Table 5.4. Mean change and standard deviations (Std Dev) between the relocations and
initial AVO data using the AVO regional model [Fogelman et al., 1993], Andreaof and
Tanaga velocity models.

∆Latitude (km) ∆Longitude (km)
Mean Std Dev Mean
Std Dev
AVO Initial Data*
0.01
1.23
-0.49
1.49
Andreanof Relocations** 0.06
0.43
0.03
0.55
Tanaga Relocations***
-0.12
0.53
-0.18
0.7
* AVO regional model output – initial AVO data input
** AVO regional model output – Andreanof model output
*** AVO regional model output – Tanaga model output
Data Differenced

∆Depth (km) ∆Origin Time (sec)
Mean Std Dev Mean
Std Dev
-0.18
1.56
-0.48
0.34
0
0.85
-0.04
0.05
0.43
0.95
0.13
0.08

An initial goal of the study was to resolve velocity perturbations below
Semisopochnoi for comparison to deformation modeling results. Due to the small aperture
of the local seismic network, the local earthquake tomography could be heavily biased by
upgoing raypaths, so we conduct synthetic testing to explore sensitivity to subsurface
velocity structure. We design a synthetic velocity model constructed by embedding a slow
velocity region defined by best fit spheroid model parameters of the deformation source
[Fig. S5.21]. This slow velocity region is embedded into the Fogleman et al. [1993]
velocity model using a finer node spacing at depths of 6-10 km bsl with widths of 4 km in
the east and north directions. Note that the finer node spacing expands the 1D velocity
model into 3D by placing nodes in an irregular spacing varying from 0.5 km under the
summit to 5 km at the edges of the model. P-wave velocities for this region were fixed to
be 20% slower than the original model. Synthetic travel times with up to 10% random
noise and station noise are calculated to create a synthetic absolute travel time and
differential time catalog that mimics the AVO catalog. Note that synthetic WCC data are
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not created. The synthetic time dataset is paired with the 1D Fogelman et al. [1993] model
and inverted to jointly solve for earthquake location and velocity structure within tomoDD.
However, the resultant model is little different from the starting 1D model, which indicates
that few raypaths actually sample the depth range of interest [Fig. S5.21], as expected given
the depths of most hypocenters are above the depth of the modeled deformation source.
The synthetic modeling also confirmed that tomographic inversion would be limited by the
data geometry of the current dataset. Hence, we use tomoDD only as a DD location
algorithm and fix the velocity model to the 1D Fogelman et al. [1993] solution for all
relocation work such that only changes in hypocenter parameters (∆x, ∆y, ∆z, ∆t) remain
in the inverse problem.
Results of the relocation work reveal interesting subsurface features. Earthquakes
occur under the central caldera and along the western section of the island. We find a linear
aseismic zone within the distribution of earthquakes that trends southwest to northeast
between Mount Cerberus and Sugarloaf regardless of which starting velocity models or
grid configuration were used [Figs. 5.7-5.9]. Earthquakes recorded during the 2014 seismic
swarm define the two boundaries of this dipping lineation [dark blue circles, Fig. 5.8]. The
longer axis of this aseismic section is ~6 km in the northeast-southwest direction and the
shorter axis is ~2 km wide to the northwest-southeast [Fig. 5.8]. The aseismic feature
extends from the surface to depths of 9–10 km bsl, which is also the lower boundary of the
seismic cluster. Events in early to mid-2015 locate primarily on the west side of the
aseismic zone, but occur over the full depth range [green, yellow, and orange circles, Fig.
5.8]. Earthquakes in late 2015 and early 2016, however, occur near the deepest part of the
seismogenic system [red circles, Fig. 5.8].
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Figure 5.8. Map and depth relocations of seismic events from 2014-2015. The averaged
best fit spheroid centroid locations for the pre-2014 (red square), 2014a and 2014b (red and
orange circles, respectively), 2015a and 2015b (red and orange stars, respectively), and
2014-2015 (red triangle) deformation source models are indicated. Black triangles are the
locations of seismic stations, main eruptive cones are labeled, the dashed black circle
corresponds to the caldera rim. Solid black boxes outline the area plotted in Figure 5.9.
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5.5 Discussion
The aims of this paper are to investigate the magnitude and displacement rate at
Semisopochnoi in 2014-2015 and to develop an interdisciplinary interpretation of magma
storage dynamics for Semisopochnoi Volcano. We have presented seismic and geodetic
data and analysis, but a recent geochemical publication [Coombs et al., 2018] provides
additional constraints related to the storage and eruptive history at Semisopochnoi. We will
first summarize these geochemical findings and then incorporate the interpretation
published by Coombs et al. [2018] with the seismic and geodetic models resulting from
this study. We then further assess the volume flux and displacement rate in comparison to
other well-studied episodes of crustal magma intrusion. Finally, we discuss the value in
measuring non-eruptive deformation events as they relate to multiphysics numerical
modeling of magma chambers and demonstrate the need for displacement measurements
with high-temporal resolution to accurately constrain rheologic parameters of the
surrounding crust.
5.5.1 Geochemical data
Geochemical analysis of ignimbrite samples from Semisopochnoi’s calderaforming eruption describes compositions that were under ~2 kbar of pressure, or at a depth
of about 7 km bsl [Coombs et al., 2018]. The source magmas for this eruption are described
as having formed in the upper crust (<10 km bsl) at temperatures less than 900°C and
derived from a plagioclase-, amphibole-, and clinopyroxene-dominated crystal residue.
Similar crystal-poor lavas with intermediate-composition were noted at Veniaminof
Volcano in the eastern Aleutian arc and are interpreted to have segregated from the shallow
region of a partial mush column [Bacon et al., 2007]. Small cones, like Lakeshore Cone,
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dot the island and compositions of these low volume eruptions are interpreted to have
tapped peripheral locations of this partial mush column. In the case of the monogenetic
cones, crystal-rich basaltic andesites are suggested to have fractionated in the lower crust
and the abundant phenocrysts grew during the ascent from these depths to the surface
[Coombs et al., 2018]. The Mount Cerberus cone complex geochemistry reflects a series
of magmas that followed a similar differentiation path, primarily formed by the
crystallization of clinopyroxene-plagioclase gabbroic assemblage fractionated in the
middle crust [Coombs et al., 2018]. The pressure estimates for these eruptions fall between
2-4 kbar (depths of 7-15 km bsl) and the subtle compositional differences are interpreted
as being sourced from discrete packages of deeper magma sources. Simultaneously to the
Mount Cerberus eruptions, and more recently, Sugarloaf Peak has erupted crystal-rich
high-alumina basalts that appear to have ascended from the deeper crust, bypassing the
magmatic storage system that underlies the central caldera region [Coombs et al., 2018].
These recent independent geochemical findings support both the tectonic interpretation of
an extensional, rotating block and our geodetic and seismic evidence of a mid-crustal,
partially molten magma storage zone.
5.5.2 Deformation source
On the basis of the consistent radial pattern of uplift observed in the series of
interferograms [Figs. 5.5 and S5.4-S5.7] it is of little surprise that the Mogi point source
[Mogi, 1958] and Yang spheroid [Yang et al., 1988] produced the most visually accurate
estimates of surface deformation for all 66 of the modeled interferograms. The fit of these
two models can be observed in the images of model residuals [Fig. 5.5] and through the
similarity in model parameters, as the latitude, longitude, and depth values estimated using
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the point source and spheroid models are much more realistic than the parameters used to
fit the dislocation plane. The Okada dislocation plane has comparable RSS values to the
spheroid model, but the modeled parameters are unrealistic and require a very deep and
very large plane opening by magnitudes that would likely result in surface rupture, none of
which was observed during these time periods. The difference between the spheroid and
point source model residuals appear to be negligible and the spheroid is considered to be a
more realistic representation of a magma storage geometry than a point source, so the best
fit model preferred at Semisopochnoi is that of the averaged spheroid geometries with
volume changes that are temporally dependent.
The best fit oblate spheroid with axes of approximately 4 km and 1 km plunging at
an angle of 50° is at a depth of ~8.6 km bsl in 2014 and but relocates to a shallower depth
of 7.9 km bsl in 2015 [Figs. 5.8 and 5.9]. This change in depth is assumed to be an artifact
of model uncertainty, as the volume also decreases from 2014 to 2015. Regardless, the
variability in volume and the similarity in location and geometry of this source through
time indicates episodic inflation of an established storage region.
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Figure 5.9. Best fit grouped weighted average spheroid source models are plotted with the
relocated seismic events from 2014 and 2015. The pre-2014, 2014b, and 2015b inflation
sources are not plotted because the lack of significant deformation resulted in inconsistent
source parameters. The linear aseismic feature is well defined (red solid box) trending to
the northeast in map view (top) and dipping to the southeast in the depth plot (bottom),
with potential extensions farther to the southwest outlined with a dashed red box. An
outline of the extension of this aseismic lineation to depth in relationship to the deformation
models is also drawn as a red shape.
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5.5.3 InSAR data and modeling noise and error estimation
From the fundamental equation of SAR data [Lu and Dzurisin, 2014] it is clear that
data uncertainty cannot be quantified from the measurements. This data uncertainty is
compounded with differential SAR processing and deformation source model
uncertainties, so that quantitative weights for each interferogram cannot be objectively
established. Without a local GPS station, ascending data, weather measurements, or a nondeforming pixel it is impossible to provide a meaningful estimate of data or processing
error. There are a variety of methods used to estimate errors within interferograms
[Bagnardi and Hooper, 2018; Biggs et al., 2010; Lohman and Simmons, 2005], but these
methods all require that a region of the interferogram exhibits no deformation. This
requirement is not met in the interferograms presented here [Figs. 5.3, 5.4, and S5.4–S5.7].
Nevertheless, timeseries generation, interferogram stacking, weather models, semivariogram analysis, and quadtree subsampling techniques were all tested in an attempt to
quantify noise, observe model parameter variance and co-variance, and increase
computational efficiency. Atmospheric noise is shown to be insignificant relative to the
magnitude of deformation and use of timeseries, subsampling, stacking, or semi-variogram
models degraded the data or introduced additional errors and bias. None of these methods
were applied and all available data points from the original processed unwrapped
interferograms were used for inversion modeling. Noise perturbations to the data were also
used to test deformation source geometries, by adding in displacement measured from
interferograms in 2011 and 2015 that showed no volcanic deformation. This method is
based on the assumption that noise on Semisopochnoi Island is correlated in both space
and time, but the modeling results showed that this is not the case, at Semisopochnoi during
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our study period. Further analysis and testing are beyond the scope of this study, but the
InSAR data and Supporting Information form a basis for future work analyzing noise
quantification, error estimation, and subsampling techniques applied to non-ideal InSAR
datasets.
5.5.4 Semisopochnoi plumbing system
Using the deformation model and relocation results, paired with geochemical
constraints from erupted products, we present a conceptual model for magma migration
and storage at Semisopochnoi volcano during 2014 and 2015 [Fig. 5.10]. A large number
of interferograms with little noise and high coherence allowed for the definition of a
spheroid with a major axis of 4 km and minor axes averaging 1 km. This source of
deformation is located under the center of the main caldera of Semisopochnoi at a depth of
~8.6 km bsl, plunging ~50° below the horizontal to the southeast.
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Figure 5.10. Conceptual model of the magma plumbing system at Semisopochnoi volcano
as interpreted from seismic and surface deformation inversions for event locations, and
source model parameters. Dark red shape is based on the averaged best fit spheroid models,
with the red hash marks indicating the region of andesitic material with higher melt and
volatile content coinciding with the aseismic region (outlined with a dashed black box).
Depth profile is a complete view at depth from the northeast (black arrow, top panel). The
orange to red gradation outlined with a red dashed line is our interpretation of deeper, lower
melt content, basaltic crystal mush long term storage region (orange) interpreted from
seismic locations and geochemical analysis. The caldera and main cones are outlined and
labeled and the source centroid for the best fit spheroid models are plotted with the same
conventions as Figure 5.8.
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Seismicity during the 2014 and 2015 seismic swarms falls into two linear patterns
in the center of the caldera with radial, clustered activity in the western half of the island
[Figs. 5.8 and 5.9]. The strong linear pattern of seismic events on the southeastern half of
the caldera is steeply dipping to the southeast and a subtler delineation can be seen on the
northwestern half of the caldera, with parallel strike and similar width and dip [Figs. 5.7
and 5.8]. These linear features are interpreted here to represent two fault zones that extend
from the deformation source to the ignimbrites of the caldera floor. The strike of both zones
is perpendicular to the convergence direction and parallel to the NE-SW tectonic stresses
associated with block rotation and extension along the oblique Aleutian subduction zone
[Cross and Freymueller, 2008; Geist et al., 1988]. The southeastern linear seismogenic
feature is located directly above the spheroid that was found to best fit deformation
observed from interferograms. The mid-2014 increase in seismic activity may represent
fracturing along these fault zones due to stress increases resulting from a volume change
of the spheroidal magma storage below [Fig. 5.10] as other processes such as dike
emplacement or fault slip would have altered the observed pattern of deformation.
Additionally, separating these two linear features is a distinctly aseismic region [Figs. 5.8
and 5.9].
We propose two interpretations of this linear aseismic zone beneath the center of
the caldera. One interpretation is that the aseismic feature represents a region containing
partial melt with a high concentration of volatiles that is unable to support brittle failure
[Fig. 5.10]. This partial melt most likely increases in percent melt as depth decreases, due
to the second boiling of the volatile saturated crystal mush that evolves from the
stratification of the stored magma as crystallization differentiation of heavier mafic
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minerals at the bottom of the storage region leaves the lighter, more felsic, volatile rich
material at shallower depths. This process can create a viscous and thermal environment
that prohibits the accumulation of elastic stress required for seismic events to occur, but
may pressurize and transfer stress into the surrounding rock to produce high-frequency
seismicity [e.g., Roman and Cashman 2006]. An alternative interpretation is that the
aseismic feature represents fractured conduit fill from past eruptions that is still unable to
support brittle failure. A fractured region located above the primary storage area that is
bounded by two fault zones would provide a natural pathway for the upward migration of
volatiles and ample pore pressure for groundwater storage. The presence of a fractured
hydrothermal region such as this could also inhibit stress accumulation, regardless of the
presence of partial melt. While this interpretation is possible, if the region was so heavily
fractured that there was not enough brittle rock surface to allow for seismic activity, we
would also expect it to respond to deformation very differently from the surrounding crust.
This would be especially so with a highly fractured region that is as large as the aseismic
zone mapped in this study (~6 km by ~2 km). We see no evidence of this aseismic zone
deforming at a different rate or pattern in the interferograms, and we believe the former
interpretation to be more plausible than the later.
Fumarole activity at Semisopochnoi is nonexistent, but there is hot spring activity
in Fenner Lake. The conduction of heat without any evidence of volatile exsolution
supports the interpretation that an impermeable ignimbrite cap over the caldera floor could
allow pressurization of the system by restricting the flow of volatiles, while still allowing
for heat transfer to the surface. Geochemical evidence suggests Semisopochnoi is underlain
by a shallow magma reservoir with sufficiently long periods of quiescence so that
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crystallization differentiation occurs. The exsolution of volatiles associated with
crystallization at the base of the storage region increases the volatile content at shallow
depths, reducing the solidus so that the less dense felsic material exists as a partial melt
[Coombs et al., 2018; Bacon et al., 2007]. The aseismic zone defined in this study is large
enough, and located centrally in the caldera, so that it could be the direct representation of
a shallow partial melt zone of a volatile saturated andesite resulting from crystallization
differentiation at depth. A lack of seismicity continues to depths expected to coincide with
the larger magma storage areas (~7-10 km bsl) [Figs. 5.8-5.10], supporting the idea that a
lack of seismicity at Semisopochnoi is an important signal for further constraining regions
of magma storage.
The pattern of radially clustered seismic activity on the western half of the island
may be a result of the stress regime associated with the linear fault zones in the caldera and
regional tectonics. This older, weakened, cooler half of the island may be more likely to
produce seismic events that lack a clear orientation or delineation. The apex of the plunging
deformation source points directly at this cluster [Fig. 5.9], which may indicate that the
storage area is also focusing stress specifically in that direction.
The temporal resolution of the interferograms does not generally allow for direct
comparison of deformation with seismic activity because of the limitation to summer
acquisitions. There is, however, one interferogram with acquisition dates that span the
decline in intensity of seismic activity from its maximum in 2014 (15 June 2014 – 26 June
2014). This interferogram exhibits the highest rate of deformation observed (~0.5 cm/day
in the LOS, Fig. 5.3) and occurs immediately after the peak in the number of daily seismic
events (14 June 2014). Deformation that occurred before June 15th (~9 cm in the LOS, Fig.
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5.3) represents almost a year of inflation, but since there was no seismic activity in 2013,
the majority of this deformation may have occurred either immediately prior to the onset
of seismicity or concurrently with the seismic swarm. The 2015 seismic activity occurred
in the spring, when snow cover prevents the generation of interferograms from InSAR
images, and hence these two interpretations cannot be resolved. All that can be stated with
certainty regarding the relationship of seismic activity to deformation in 2015, is that by
25 June 2015 both seismic activity and deformation had ceased, with deformation having
occurred at some point between 12 November 2014 and 25 June 2015 [Figs. S5.6 and S5.7].
The 2015 seismic activity, while of similar cumulative magnitude, had a greater spatial and
temporal spread than the 2014 seismicity. The lower count of seismic events in 2015 also
coincides with less observed surface deformation over the year, and therefore less volume
change.
5.5.5 Volume flux
To better investigate the episodic nature of intrusion at Semisopochnoi and volume
flux into this magma storage region through time, an additional inversion using fixed
parameters that reflect the averaged best-fit spheroid estimates of the 2014 and 2015
inversions is performed (centroid latitude and longitude location of 51.935°N and
179.630°E, major axis of 4 km, minor axes of 1 km, centroid depth of 8 km bsl, plunging
at 50° below the horizontal to the southeast [N150°E]. The pressure (volume) parameter,
however, was not fixed, so that this inversion estimated the change in volume through time
of a fixed source. The large number of interferograms (and therefore models) evaluated for
only 11 time steps means that commonly used linear least squares volume inversion
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methods [Biggs et al., 2010; Ji et al., 2018; Lu et al., 2005a, 2014] cannot be applied here,
as the system is not linearly independent, rank deficient, and overdetermined.
Because of these limitations, in order to estimate an objective and complete volume
change timeseries for Semisopochnoi Volcano from 2011 – 2015, cumulative volume
change was calculated using all of the different combinations of interferograms that can be
summed in series for each time step (SAR image acquisition date) [Fig. 5.11]. The possible
combinations of interferograms used to estimate cumulative volume increases in time, so
to better understand the variability in these estimates the maximum and minimum
cumulative volume of all of the possible interferogram combinations was also calculated
at each time step. On the assumption that the most accurate estimate of volume change
would come from the addition of volumes estimated from interferograms with the shortest
temporal baseline (e.g. 20110805-20110816 + 20110816-20130811 + 2013081120130822 … etc.), a cumulative volume change timeseries from 2011 – 2015 is calculated
[Fig. 5.11 and Table 5.5]. The cumulative volume flux estimated from fixed spheroid
source parameters from 2011-2015 at Semisopochnoi is estimated to be about 0.074 km3,
with a possible maximum of 0.089 km3 and potentially as little as 0.037 km3. There are no
time periods where subsidence was observed during this time, so it can be assumed that
this volume was accumulated and is being stored at the depth and in the geometry defined
in our source model.
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Figure 5.11. Cumulative volume using all the possible combinations of interferograms to
construct a continuous timeseries. The solid black vertical lines are dates of SAR image
acquisition, the thick red line is the cumulative volume using interferograms with the
shortest temporal baselines (each primary image is used with the next acquisition as the
secondary image). The dashed red lines are the maximum and minimum cumulative
volume values from all of the potential interferogram combinations available at each image
date [Table 5.5]. Blue diamonds are the cumulative volume calculated from the grouped
weighted averages from the best fit spheroid models [Table 5.3]. Inset is a close up of the
volume change in 2014 using the available images. Volume change in 2013 may be due to
noise, but if it is due to actual deformation, uplift could have occurred between 2011-2013
and may be related to the 2012 seismic events.
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Table 5.5. Table of cumulative volume values [Fig. 5.11]. The maximum and minimum
columns correspond to the dashed red lines and the shortest temporal baseline value is the
thick solid red line in Figure 5.11. The vertical black lines in Figure 5.11 represent the SAR
image acquisition dates listed here.

Cumulative Volume (km3)
Image Date
(yyyymmdd)

Maximum

Minimum

Shortest
Temporal
Baseline

20110805

0

0

-----

20110816

0

0

0

20130811

0

0

0

20130822

0.009

0.001

0.009

20140615

0.024

0.01

0.021

20140626

0.049

0.02

0.043

20140707

0.049

0.02

0.043

20140718

0.057

0.02

0.043

20140809

0.065

0.027

0.05

20150716

0.086

0.036

0.071

20150807

0.089

0.034

0.074

20150818

0.089

0.037

0.074

When this volume analysis is compared to the grouped weighted average volume
estimates for the best fit Yang spheroids [Table 5.3 and Fig. 5.11], we see that the weighted
averages for unrestricted model parameters fall between the shortest temporal baseline and
maximum cumulative volume estimates when the input range is fixed. This indicates that
the parameter values we use in the fixed model inversion are applicable to all of the time
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periods and provide a good source model approximation because the volume estimates are
consistent between the fixed and freely fit models.
It is important to recall that because the LOS displacements in this study are relative
to a moving point with unknown absolute displacement, the magnitudes of these
measurements are underestimates of actual surface deformation and therefore the presented
volume change timeseries is similarly underestimated. Similarly, model parameters (depth,
pressure change, and axes lengths) could be affected by the lack of observable far-field
deformation coupled with the lack of a stable reference point. Thus, future work to assess
these effects using synthetic data sets is warranted.
5.5.6 Displacement rate
Approximately half of all deformation events are intrusive (i.e., not immediately
followed by an eruption [Biggs et al. 2014]. Numerical models suggest that frequency of
eruption is dependent on timescale of injection [Degruyter and Huber 2014, Zhan and
Gregg, 2019], particularly in smaller reservoirs [Gregg et al., 2013]. However, it is unclear
whether intrusive events are generally observed to have lower deformation rates than do
episodes of intrusion that lead to eruption, or if there is a threshold deformation rate for
intrusion vs eruption. The temporal resolution of the TerraSAR-X data (11 days) for
Semisopochnoi provides a unique opportunity to estimate more precise deformation rates
than has previously been possible from InSAR analysis. At Semisopochnoi the deformation
is large, but more notably, very rapid (max 0.5 cm/day in 2014). In this section we assess
deformation rates at a range of representative volcanoes to determine whether the high
deformation rate we observe at Semisopochnoi represents a maximum known value for an
intrusive event.
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We examine deformation rates at eight volcanoes listed in the Smithsonian
Institution Global Volcanism Program Volcanoes of the World database (VOTW) as
having an episode of deformation >10 cm [Table 5.6]. These volcanoes range from
stratovolcanoes to shield volcanoes, and result from hot spots, rifting, and subduction
processes around the world [Wicks et al., 2002; Lu et al., 2005b; Chadwick et al., 2006;
Pagli et al., 2012; Bagnardi et al., 2013; Foumelis et al., 2013; Gonzalez et al., 2013; Jay
et al., 2014; Lu and Dzurisin, 2014]. These measurements were made during pre-, post-,
and inter-eruptive deformation episodes. If given, we report the published value for the
peak displacement rate of inflation events. If not reported, we calculate the deformation
rate based on the image acquisition dates used to generate an interferogram and the total
deformation. We note that many of these deformation episodes received considerable
scientific and public attention, either due to the magnitude of deformation [e.g., Lu et al.,
2005b, Bagnardi et al., 2013] and/or the proximity of the volcano to a population center
[e.g., Fourmelis et al., 2013, Wicks et al., 2002].
From Table 5.6 it is clear that the inflation rate at Semisopochnoi is high, especially
considering stratovolcanoes at subduction zones and the correlation with large inflation
rates and eruption events [Wicks et al., 2002; Lu et al., 2005b; Foumelis et al., 2013; Jay
et al., 2014]. This is a particularly rapid rate in the Aleutian arc [Lu et al., 2005b], and
especially when considering the only other observation of deformation at this volcano [Lu
and Dzurisin, 2014]. The only volcanoes found to inflate more rapidly than Semisopochnoi
are Sierra Negra [Chadwick et al., 2006] and Fernandina [Bagnardi et al., 2013] in the
Galapagos. Both of these hot spot-generated shield volcanoes exhibited large scale
deformation over a relatively small spatial area (mostly limited to their main calderas) in a
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short amount of time, immediately followed by a significant effusive eruption of basaltic
lava [Chadwick et al., 2006; Bagnardi et al., 2013].
Many reported deformation rates may be limited (to minima) by the temporal
limitations of InSAR data, as many studies are restricted to the interval of time defined by
the satellite revisit period. Deformation may occur in 1-2 days, but because the temporal
resolution is limited to 35 days at many of these volcanoes, this displacement rate will be
calculated as an average over the entire 35-day period. This is the expected reason for the
difference in peak rates between the 2014 and 2015 inflation episodes at Semisopochnoi,
where 11-day resolution of deformation is observed from 15 June 2014-26 June 2014, but
in 2015 the total deformation is averaged over the 10-month interferogram from 09 August
2014-16 July 2015. Other geodetic data can provide the necessary temporal resolution to
quantify maximum volcanic inflation rates globally, but these methods require groundbased efforts and are spatially limited, so that entire episodes or the maximum displacement
is often not measured. InSAR methods provide a new basis to study this volcanic parameter
that is valuable for defining volcanic processes and features such as the time to eruption
onset, strength of the surrounding crust, viscosity and volatile content of magma, and
evolution of a volcanic system. This study highlights the need for well-constrained global
estimates of displacement rates during intrusive and pre-eruptive episodes and the benefit
of satellites such as TerraSAR-X that have high temporal resolution.
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1996-2000

2014
2015

Semisopochnoi

Semisopochnoi

11

11

35

35

35 and 46

35

24, 35, and 46

24 and 35

Jan-48

35

35

Satellite Revisit
Period (days)

341

363

2192

1505

651

623

365

60

312

69

105

Duration
(days)

>20

>20

4

20

10

10

15

5

20

6

8

7.8

17.1

-6

10

90

51

14

12

38

50

110

0

6

-1

0.08

1

1

1

2

4

7

10

Spatial
Magnitude Peak Rate
extent (km)
(cm)
(mm/day)

Galapagos

Galapagos

Region

Hot Spot

Hot Spot

Region
Type

Stratovolcano

Stratovolcano

Stratovolcano

Stratovolcano

Shield

Shield

Inter-eruptive Stratovolcano

Aleutians

Aleutians

Aleutians

Cascadia

Erta Ale

Aleutians

Mediterranean

Canary Islands

Subduction

Subduction

Subduction

Subduction

Rifting

Subduction

Subduction

Hot Spot

Stratovolcano Southern Andes Subduction

Shield

Shield

Volcano Type

Inter-eruptive Stratovolcano

Inter-eruptive

Inter-eruptive

Post-eruptive

Failed eruption

Inter-eruptive

Pre-eruptive

Post-eruptive

Pre-eruptive

Pre-eruptive

Deformation
Type

1 Chadwick et al., 2006; 2 Bagnardi et al., 2013; 3 Jay et al., 2014; 4 Gonzalez et al., 2013; 5 Foumelis et al., 2013; 6 Lu et al., 2005b; 7 Pagli et al., 2012; 8 Wicks et al., 2002; 9 Lu
and Dzurisin, 2014.

2004-2010

Semisopochnoi9

Three Sisters

Alu-Dalafilla

2008-2010

Akutan6

8

1996-1996

Santorini5

7

2011
2011-2012

El Hierro4

Puyehue-Cordon Caulle

2013

2009
3

2005

Fernandina2

Inflation
Event (yyyy)

Sierra Negra1

Volcano Name

Table 5.6. Selected volcanoes from a query of the VOTW for deformation of >10 cm. Inflation event is the year(s) investigated
in each reference and Satellite Revisit Period indicates the temporal resolution of the satellite data used for each study.
Duration indicates the number of days of a measured episode of inflation. The Spatial Extent describes the longest axis of
deformation and Magnitude is the total uplift that occurred during the number of days indicated in Duration. Peak Rate is
sometimes calculated directly using Duration and Magnitude, but when possible, the Peak Rate is taken from a published
value, identified from an individual interferogram with a shorter time span than the Inflation Event, or analyzed in deformation
timeseries plots and images. Deformation Type describes how the inflation is related to eruptions at each volcano and Volcano
Type, Region, and Region Type are included to observe any correlation in deformation rate and location or volcanic formation.

5.6 Conclusions
Semisopochnoi volcano, though quite remote, can be observed and modeled using
a combination of data transmitted from local and regional seismometers as well as data
remotely sensed using SAR satellites. Data restrictions of one viewing geometry and a lack
of GPS data prevented absolute measurements, but two episodes of inflation, in 2014 and
2015, are measured to have minimum cumulative uplift of ~25 cm with a peak rate of 6
mm/day during the end of a co-located seismic swarm in June 2014. Atmospheric errors
range from 1mm in the caldera floor where the maximum displacement occurred, to 1 cm
at relative high elevation locations. This topography- and turbulence-controlled noise was
not characterized due to the nature of a temporally and spatially limited dataset. The island
wide, LOS surface deformation at Semisopochnoi presents as a simple radial inflation
pattern with a slight northeast-southwest oblique skew. Distinct periods of seismic swarm
activity correlate in space with the surface deformation models inferred from the inversion
of surface displacement measurements created using differential SAR techniques. This
inflation source is a reasonable approximation to the observed deformation and modeled
residuals show little to no additional systematic deformation beyond occasional lowmagnitude atmospheric noise. The modeled interferograms are split into four different
groups that allow for in depth analysis of the source parameters in the model based on
temporal periods dictated by changes in seismic activity. The best fit model to characterize
a deformation source at Semisopochnoi Volcano is described as an oblate spheroid.
Relocation of the AVO catalog using waveform correlation and a relative relocation
technique reveals a linear aseismic zone below the central caldera to depths of 10 km bsl.
The feature is aligned with the expected tectonic regional stresses that are due to block
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expansion and rotation along the Aleutian trench. Tomographic inversions for velocity
structure using current datasets cannot resolve velocity changes associated with modeled
deformation sources.
While we cannot directly tie the seismic activity to the deformation temporally, the
spatial patterns of both the deformation and the seismicity are individually similar in 2014
and 2015 [Figs. 5.5 and 5.7] indicating that the seismogenic process and the mechanism
responsible for surface deformation is the same for both years. We interpret these events
to be linked through episodic influx of material from depth to a mid-crustal storage region
(~8 km bsl). The largest flux of material (~0.043 km3) occurred in 2014, resulting in
surface deformation of ~17 cm in the LOS direction, and a smaller pulse of material
(~0.029 km3) occurred in 2015, producing ~8 cm of LOS deformation. The pressure
associated with this flux of material is expected to have increased stresses above this area
of magma storage so that the intracaldera faulting features, aligned with the NE-SW
tectonic stress regime, producing the seismic pattern exhibited by our relocated
hypocenters [Figs. 5.7 and 5.10]. Published geochemical data support both the tectonic
interpretation of an extensional, rotating block and the geodetic and seismic evidence
presented here for a mid-crustal crystal-rich magma storage zone located centrally below
the island with increasing percentages of melt and volatiles at the top of the storage system.
The magmatic system at Semisopochnoi is a geochemically complicated and active
system that is controlled by a complex regional tectonic environment, not characteristic of
the classic understanding of subduction processes. Geodetic models of surface deformation
and seismic inversions for event locations often simplify or ignore the effect tectonic stress
regimes produce within the model half-space. This study demonstrates that simple analytic
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models are not sufficient for characterizing volcanic dynamics and there is a need to
incorporate more realistic model environments. Better quantification of the location,
geometry, pressure change, and stress distribution associated with magma storage in
subduction related volcanic environments is required because controls such as tectonic
stress, second boiling, and the potential for a viscoelastic cap can have a significant
influence.
Semisopochnoi’s dynamic magmatic system continues to produce swarms of
microseismic events and exhibits large amounts of island wide inflation with no observed
periods of deflation, subsidence, or eruptions. We know from its tectonic location on a
segmentation boundary and the large volumes of past eruptions recorded in the geologic
record that Semisopochnoi has infrequently produced large, explosive eruptions, and will
likely do so again in the future if volatiles continue to exsolve at shallow depths but remain
contained without any release of pressure. The system can be successfully monitored using
methods that combine observations of surface deformation and seismicity in the future to
further monitor these effects. These geophysical data and resulting models can be
compared to storage depth estimates from geochemical analysis to create a comprehensive
interdisciplinary interpretation of magma source dynamics.

Future work combining

earthquake and seismic ambient noise data could help better link changes in seismic
velocity structure, earthquakes, and deformation data to further improve our understanding
of the magmatic system and its relationship through time and space to the local tectonic
stress distribution. For these reasons, the continued use of remote sensing tools and
development of more realistic models at Semisopochnoi is essential.
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Supporting information
Supporting information includes further details regarding the surface deformation and
seismic event location inversion modeling. A complete library of the 136 unwrapped
interferograms generated are listed [Table S5.1]. Figure S5.1 shows spatial baseline
relationships of these interferograms. Alternative Sentinel and ALOS 2 data are presented
in Figures S5.2 and S5.3. The primary and secondary images are listed in Table 5.2, as well
as groups defined for model parameter comparison. The 66 unwrapped interferograms that
were modeled are shown in Figures S5.4-S5.7 defined by groups explained in Table S5.2.
Analysis of the additional InSAR methods discussed in the main article, timeseries
inversion [Figs. S5.8-S5.9], atmospheric model [Fig. S5.10], semivariograms [Text S5.1,
Figs. S5.11-S5.15, and Table S5.3], and quadtree [Text S5.2, Figs. S5.16-S5.18 and Tables
S5.4-S5.5]. The best fit parameter estimates for each of these 66 interferograms, as grouped
by deformation period, are indicated for the Mogi [Tables S5.6-S5.9], Okada [Tables
S5.10-S5.13], and Yang [Tables S5.14-S5.17] geometries. Additional information is also
included for the various a priori starting models that were tested in the seismic inversions,
with descriptions of the inversion grid node spacing and velocity profiles [Text S5.3 and
Figs. S5.19-S5.21].
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Table S5.1. List of images acquired and the interferograms created from them. The
perpendicular and temporal baselines for each interferogram are also given, with an
additional indication of whether or not the interferogram is one of the 66 used for surface
deformation inversion modeling.

Primary
Secondary
Perpendicular
Image
Image
Baseline (m)
(yyyymmdd) (yyyymmdd)
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110805
20110816
20110816
20110816
20110816
20110816
20110816
20110816
20110816
20110816
20110816
20110816
20110816

20110816
20120824
20130811
20130822
20140615
20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20120824
20130811
20130822
20140615
20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727

154.1269
-39.4332
-10.8566
8.1322
79.8646
119.7416
67.8703
-63.8543
93.4208
137.5239
181.7096
68.7494
-16.7313
-31.8717
-2.9876
38.7472
-193.5601
-164.9835
-145.9947
-74.2623
-34.3853
-86.2566
-217.9812
-60.7061
-16.603
27.5827
-85.3775
-170.8582
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Temporal
Baseline
(days)

Modeled

11
385
737
748
1045
1056
1067
1078
1089
1100
1397
1441
1452
1463
1474
1485
374
726
737
1034
1045
1056
1067
1078
1089
1386
1430
1441

X
----X
X
X
X
X
X
----X
----X
----X
X
--------X
X
X
X
X
X
----X
----X
-----

Table S5.1 continued (2/5)
Primary
Secondary
Perpendicular
Image
Image
Baseline (m)
(yyyymmdd) (yyyymmdd)
20110816
20110816
20110816
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20120824
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130811
20130822

20150807
20150818
20150829
20130811
20130822
20140615
20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20130822
20140615
20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20140615

-185.9986
-157.1145
-115.3797
28.5766
47.5654
119.2978
159.1748
107.3035
-24.4211
132.854
176.9571
221.1428
108.1826
22.7019
7.5615
36.4456
78.1804
18.9888
90.7212
130.5982
78.7269
-52.9977
104.2774
148.3805
192.5662
79.606
-5.8747
-21.0151
7.869
49.6038
71.7324
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Temporal
Baseline
(days)

Modeled

1452
1463
1474
352
363
660
671
682
693
704
715
1012
1056
1067
1078
1089
1100
11
308
319
330
341
352
363
660
704
715
726
737
748
297

X
X
------------------------------------------------------------X
X
X
X
X
----X
----X
----X
X
----X

Table S5.1 continued (3/5)
Primary
Image
(yyyymmd
d)

Secondary
Image
(yyyymmd
d)

Perpendicular
Baseline (m)

Temporal
Baseline
(days)

Modeled

20130822
20130822
20130822
20130822
20130822
20130822
20130822
20130822
20130822
20130822
20130822
20140615
20140615
20140615
20140615
20140615
20140615
20140615
20140615
20140615
20140615
20140615
20140626
20140626
20140626
20140626
20140626
20140626
20140626
20140626
20140626

20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20140626
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20140707
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818

111.6094
59.7381
-71.9865
85.2886
129.3917
173.5774
60.6172
-24.8635
-40.0039
-11.1198
30.615
39.877
-11.9943
-143.7189
13.5562
57.6593
101.845
-11.1152
-96.5959
-111.7363
-82.8522
-41.1174
-51.8713
-183.5959
-26.3208
17.7823
61.968
-50.9922
-136.4729
-151.6133
-122.7292

308
319
330
341
352
649
693
704
715
726
737
11
22
33
44
55
352
396
407
418
429
440
11
22
33
44
341
385
396
407
418

X
X
X
----X
----X
----X
X
----X
X
X
----X
----X
----X
X
----X
X
----X
----X
----X
X
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Table S5.1 continued (4/5)
Primary
Image
(yyyymmdd)
20140626
20140707
20140707
20140707
20140707
20140707
20140707
20140707
20140707
20140707
20140718
20140718
20140718
20140718
20140718
20140718
20140718
20140718
20140729
20140729
20140729
20140729
20140729
20140729
20140729
20140809
20140809
20140809
20140809
20140809
20140809

Secondary
Perpendicular
Image
Baseline (m)
(yyyymmdd)
20150829
20140718
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20140729
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20140809
20150602
20150716
20150727
20150807
20150818
20150829
20150602
20150716
20150727
20150807
20150818
20150829

-80.9944
-131.7246
25.5505
69.6536
113.8393
0.8791
-84.6016
-99.742
-70.8579
-29.1231
157.2751
201.3782
245.5639
132.6037
47.123
31.9826
60.8667
102.6015
44.1031
88.2888
-24.6714
-110.1521
-125.2925
-96.4084
-54.6736
44.1857
-68.7745
-154.2552
-169.3956
-140.5115
-98.7767
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Temporal
Baseline
(days)

Modeled

429
11
22
33
330
374
385
396
407
418
11
22
319
363
374
385
396
407
11
308
352
363
374
385
396
297
341
352
363
374
385

----X
----X
----X
----X
X
--------X
----X
----X
X
------------------------------------X
----X
X
-----

Table S5.1 continued (5/5)
Primary
Image
(yyyymmdd)
20150602
20150602
20150602
20150602
20150602
20150716
20150716
20150716
20150716
20150727
20150727
20150727
20150807
20150807
20150818

Secondary
Image
(yyyymmdd)
20150716
20150727
20150807
20150818
20150829
20150727
20150807
20150818
20150829
20150807
20150818
20150829
20150818
20150829
20150829

Perpendicular
Baseline (m)

Temporal
Baseline
(days)

Modeled

-112.9602
-198.4409
-213.5813
-184.6972
-142.9624
-85.4807
-100.6211
-71.737
-30.0022
-15.1404
13.7437
55.4785
28.8841
70.6189
41.7348

44
55
66
77
88
11
22
33
44
11
22
33
11
22
11

------------------------X
X
----------------X
---------
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Figure S5.1. Image acquisition and perpendicular baseline network for the 66
interferograms that were inverted for surface deformation [Table S5.1 and Figs. S5.4-S5.7].
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Figure S5.2. Unwrapped interferogram generated from Sentinel-1 images acquired on 19
October 2014 and 12 November 2014.
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Figure S5.3. Unwrapped interferogram generated from ALOS-2 images acquired on 25
June 2015 and 23 July 2015.
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Table S5.2. Interferograms used in source model inversions [Table S5.1] are grouped by
deformation periods: pre-2014, 2014, 2015, and 2014-2015 [Figs. S5.4-S5.8].

Group

pre-2014
(6 interferograms)

2014
(30
interferograms)

Primary
Images
(yyyymmdd)

Secondary
Images
(yyyymmdd)

20110805

20110816

20110816

20130811

20130811

20130822

20110805

20140615

20110816

20140626

20130811

20140707

20130812

20140718

20140615

20140809

20140626
20140707
20140718

2015
(12
interferograms)

20140707

20150716

20140718

20150807

20140809

20150818

20150716
20150807

2014-2015
(18
interferograms)

20110805

20150716

20110816

20150807

20130811

20150818

20130812
20140615
20140626
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20110805 - 20110816

20110816 - 20130811

20110805 - 20130811

20110816 - 20130822

20110805 - 20130822

20130811 - 20130822

Figure S5.4. Interferograms used for modeling deformation prior to the 2014 seismic
swarm. Acquisition dates of the primary and secondary images are indicated below each
interferogram. Grey areas indicate loss of coherence. The top left (northwestern corner of
each interferogram has coordinates of (52.0453°N, 179.4445°E), and each fringe represents
1.55 cm of deformation. These conventions are applied to all interferograms in Figures
S5.1-S5.4.
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20110805 - 20140615

20110805 - 20140626

20110805 - 20140707

20110805 - 20140718

20110805 - 20140809

20110816 - 20140615

20110816 - 20140626

20110816 - 20140707

20110816 - 20140718

20110816 - 20140809

20130811 - 20140615

20130811 - 20140626

20130811 - 20140707

20130811 - 20140718

20130811 - 20140809

20130822 - 20140615

20130822 - 20140626

20130822 - 20140707

20130822 - 20140718

20130822 - 20140809

20140615 - 20140626

20140615 - 20140707

20140615 - 20140718

20140615 - 20140809

20140626 - 20140707

20140626 - 20140718

20140626 - 20140809

20140707 - 20140718

20140707 - 20140809

20140718 - 20140809

Figure S5.5. Interferograms used for modeling deformation during 2014. Because there is
little to no deformation prior to 2014, master images from 2011 and 2013 are included in
order to capture deformation that occurred prior to the first image acquired in 2014.
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20140809 - 20150716

20140809 - 20150807

20140809 - 20150818

20150716 - 20150807

20150716 - 20150818

20150807 - 20150818

Figure S5.6. Interferograms used for modeling deformation in 2015. The last image
acquired in 2014 is included as a master image in order to capture deformation in 2015 that
occurred prior to the first image acquired in 2015.
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20110805 - 20150716

20110805 - 20150807

20110805 - 20150818

20110816 - 20150716

20110816 - 20150807

20110816 - 20150818

20130811 - 20150716

20130811 - 20150807

20130811 - 20150818

20130822 - 20150716

20130822 - 20150807

20130822 - 20150818

20140615 - 20150716

20140615 - 20150807

20140615 - 20150818

20140626 - 20150716

20140626 - 20150807

20140626 - 20150818

20140707 - 20150716

20140707 - 20150818

20140707 - 20150807

20140718 - 20150716

20140718 - 20150807

20140718 - 20150818

Figure S5.7. Interferograms used for modeling deformation in both 2014 and 2015.
Because there is little to no deformation prior to 2014, master images from 2011 and 2013
are included and all secondary images are 2015 dates because the images acquired in 2015
were all after the seismic swarm that occurred earlier that year.
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a

b

c

d

Figure S5.8. The original interferogram for 15 June 2014 – 26 June 2014 presented and
modeled in the manuscript (a) is compared with the simulated interferogram produced by
the GAMMA timeseries program MB (b), as well as the deformation maps produced for
26 June 2014 using MB (c) and SBAS (d) timeseries techniques. The loss of deformation
when (b) is compared to (a) is clear. While the fringes that are present correspond to the
original interferogram, the center of deformation is no longer coherent, and the extent of
deformation across the island is not resolved. This will make location, size, orientation,
and pressure/volume change of the deformation source less accurate when modeled. The
fact that the timeseries simulated interferogram (b) and the originally processed
interferogram (a) have similar fringes, when apparent, also indicates that the original
interferogram does not have much noise that is excluded by the timeseries inversion. The
fringes in (c) and (d) are different from (a) because of the accumulation of deformation.
There are subtle differences between the MB and SBAS produced deformation maps in
smoothness and number of fringes, but coherence remains low in both.
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a

b

c

Figure S5.9. Simulated interferograms are created when the GAMMA MB program is used
for all potential combinations of acquisition dates involved in the inversion interferograms.
Because of this, a simulated interferogram for 15 June 2014 – 26 June 2014 is created each
time the interferogram groups “2014” (a), “2014-2015” (b), and “all” (c) are inverted. This
shows the differences in number of fringes estimated for this time step depending on which
interferogram group is used. The inconsistencies are a result of differences in the number
and quality of interferograms in each group. This additional uncertainty involved with
timeseries analysis would compound with the data and source model errors, all of which
are objectively unquantifiable, and is another example of why this technique is not
applicable to our particular dataset.
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Figure S5.10. Atmospheric delay maps estimated from the Iterative Tropospheric
Decomposition model [Yu et al., 2017] obtained from GACOS [Yu et al., 2018a, 2018b].
All measurements are in millimeters. Delay is clearly correlated only with topography and
while there is minor variation in magnitude the range is consistently 2.5-2.1 mm.
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Text S1.
Semivariogram analysis is used to estimate an exponential function that provides
parameters to calculate error within a geospatially correlated dataset [Webster and Oliver,
2007]. Ideally there is a non-deforming region that can be used to estimate and then
interpolate noise estimates throughout a geospatial image. In this study we used a program
included in the open-source Geodetic Bayesian Inversion Software (GBIS V.1.1) to
calculate the semivariogram [Bagnardi and Hooper, 2018] for multiple non-deforming
interferograms at Semisopochnoi [Figs. S5.11-S5.15 and Table S5.3].
We tested this method on five different interferograms to observe the ability of the
semivariogram to characterize the noise in each image, and to analyze the difference in
atmospheric signals between images and dates. The user input required for the calculation
of the semivariogram is the manual selection of an area containing pixels whose values
will be used in the semivariogram calculation. Selecting this region can take one of two
forms. The user can either select a rectangular area that will contain the pixels used for the
calculation and all other pixels will be discarded, or a polygon can be drawn and the pixels
within the polygon will be masked out and the remaining pixels used to estimate the linear
trend and exponential function. The choice of which pixels to use is complete subjective.
Ideally there is a large area with no significant deformation that contains atmospheric noise
typical of the study area. Once a region is selected or masked out the program first estimates
and removes any linear trends [Figs. S5.11-S5.15] and then fits an exponential function to
the remaining area and outputs values for the nugget, sill, and range. These values are
estimated from the calculation of the semivariogram and can be related to the covariance
of individual pixels through the equations:
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𝛾?𝑥% , 𝑥' B = 0.5 M𝑣𝑎𝑟 O𝑍(𝑥% ) − 𝑍?𝑥' BQR = 𝑠< − 𝐶(𝑥% , 𝑥' )

[S5.1]

where 𝛾 is the semivariogram value between pixels (𝑥) 𝑖 and 𝑗 from the same image (𝑘) as
a function of the variance (𝑣𝑎𝑟) of the values (𝑍) at those pixels [Figs. S5.11-S5.15, bottom
left and middle figures]. The covariance (𝐶) of those pixels can be estimated then be
estimated from the sill (𝑠) calculated from the exponential function that characterizes the
image.

Values estimated from the semivariograms calculated for the non-deforming
images [Figs. S5.11-S5.15] at Semisopochnoi are used to calculate covariance values of
~0.0005. Covariance is relative to the magnitude of input values, so that value is not
applicable to deforming interferograms or other particular noisy, non-deforming
interferograms. This indicates that the noise is uncorrelated in space, which is unsurprising
because the noise is assumed to be due to turbulent atmosphere artifacts.
The semivariogram plots [Figs. S5.11-S5.15] and the covariance result that noise
is spatially uncorrelated in these non-deforming interferograms support our conclusion that
the noise is due to turbulent atmosphere and is not constant in time or space, and applying
a constant atmospheric screen to all of the deforming interferograms would not be an
appropriate technique and may not be valid for any interferogram in particular. This
method cannot be applied to interferograms that exhibit deformation because the
magnitude of the deformation will dampen any response to smaller artifacts like
atmospheric noise, and the exponential function will be fit to the deformation.
From Table S5.3 we can also see the range in values that could subjectively be
chosen for the sill value, depending on which non-deforming interferogram we choose to
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represent atmospheric error. This is, of course, all dependent on our subjective selection
(or masking) of data uses to compute these values. Because of this subjective dependence
and the spatially uncorrelated noise, we do not apply semivariograms to the InSAR data at
Semisopochnoi. While this may provide a good approximation for the error in some (or
one) interferograms it may contribute to additional error in other interferograms and we
feel that utilizing the original data is more beneficial for understanding potential model
error and bias than adding in additional noise with unknown effects on the model results.
If the interferograms were better fit by the exponential function this method would be
viable for estimating noise. Even if the plots for the detrended or non-detrended
semivariograms had similar patterns and magnitudes then there would be a case to argue
that even though the noise is uncorrelated in space, this uncorrelated noise is similarly
uncorrelated through time. This could provide justification for applying one noise
estimation to all of the interferograms. Unfortunately, neither of these cases prove to be
true and further testing of this method could prove useful for future studies with a data
noise that is not completely controlled by small, localized, random features.
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Figure S5.11. Semivariogram analysis of the unwrapped interferogram with a primary
image on 5 August 2011 and secondary image on 16 August 2011 (bottom right). The
original data with associated LOS displacement (meters) is included in the top left panel,
a linear trend (top middle panel) is estimated and then removed from the original data to
produce the detrended data (top right panel), that is fit with an exponential function for the
semivariogram (bottom middle panel). The bottom left panel shows the semivariogram for
the non-detrended original interferogram. The red squares are the semivariogram values
between pixels as a function of lag distance between those pixels. The exponential function,
characterized by values for the nugget, sill, and range [Table S5.3], is plotted as a blue
solid line in the middle bottom plot. These conventions also apply to Figures S5.12-S5.14.
The semivariogram plots show that the non-detrended data and the detrended data are not
similar even though the linear trend is very low amplitude. It is also clear that the
exponential function is not a good fit to either the non-detrended or detrended data.
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Figure S5.12. Semivariogram analysis of the unwrapped interferogram with a primary
image on 11 August 2013 and secondary image on 22 August 2013 (bottom right). The
effect of the large linear trend and the strong, chaotic noise signal show that semivariogram
analysis does not provide an accurate approximation of noise in this non-deforming
interferogram.
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Figure S5.13. Semivariogram analysis of the unwrapped interferogram with a primary
image on 16 July 2015 and secondary image on 07 August 2015 (bottom right). The nondetrended and detrended images and semivariogram plots show little difference because
the linear trend that is estimated and removed is minimal. Nevertheless, the exponential
estimated from the semivariogram analysis still does not fit the detrended data (bottom
middle).
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Figure S5.14. Semivariogram analysis of the unwrapped interferogram with a primary
image on 16 July 2015 and secondary image on 18 August 2015 (bottom right). While a
relatively large linear trend is removed, the exponential function appears to fit the
magnitude of the semivariogram better than any f the other interferograms tested. The
semivariogram of detrended data still exhibits a complicated signal with two amplitude
peaks at distances of ~4,000 m and ~11,000 meters. This could indicate that this
interferogram has island wide atmosphere, one with a localized effect (wavelength of ~4
km) and one with a regional effect (wavelength of ~11 km). While this information is
interesting, the exponential function remains ill-fit to the semivariogram calculation.
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Figure S5.15. Semivariogram analysis of the unwrapped interferogram with a primary
image on 07 August 2015 and secondary image on 18 August 2015 (bottom right). This
interferogram is interesting in that it is hard to distinguish between atmospheric signal and
potential small magnitude, large scale displacement resulting from a volcanic source.

Table S5.3. The estimated sill, range, and nugget values estimated from semivariogram
analysis of five non-deforming interferograms at Semisopochnoi volcano.

Interferogram

Sill (m2)

Range (m)

Nugget (m)

20110805_20110816

6.9916e-06

1679.5881

1.7598e-17

20130811_20130822

7.6138e-05

1574.9042

8.0002e-16

20150716_20150807

6.0341e-06

1275.3733

7.3163e-17

20150716_20150818

1.2865e-05

1999.5656

1.0022e-17

20150807_20150818

5.6092e-06

2863.1006

7.7383e-21
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Text S5.2.
Quadtree is a method used to irregularly subsample image data based on
neighboring pixel values and thresholds for the gradient of change between them,
commonly applied to interferograms that exhibit fault rupture, but occasionally used for
other applications such as volcanic deformation. The purpose is to reduce data points for
computational efficiency, of considerate importance if the data will be used in complicated
models. This method is generally a valid approach for InSAR data because the assumption
that each pixel is not independent of their nearest neighbor can be exploited to reduce the
total number of data points.
The inputs for a quadtree model are the fit type, tolerance, how variance is
calculated, the start level and the end level [Table S5.4]. The fit type, for the program
employed in this study, can be defined as mean, median, or bi-linear. The tolerance has
associated units and defines the threshold for the gradient within a sample cell. If the
calculated variance for the pixels within the tested cell exceed the tolerance, then the cell
is divided into four more cells and the process is repeated until each cell contains pixels
with a variance within the tolerance limit. This controls the number of cells (referred to in
Figures S5.16-S5.18 as quadtree points) and therefore how densely the image is
subsampled. Variance calculation is the user input that indicates whether to use the mean
when calculating the variance (1 = yes, 0 = no). The start and end levels limit the number
of iterations that are performed.
The very premise on which quadtree is based poses a problem at Semisopochnoi.
The large magnitude deformation requires that in order for subsampling to even occur the
tolerance must be set to a very large value (e.g. 1-3 m, Fig. S5.16). A tolerance this large
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will sufficiently subsample the main deformation signal, but will oversample noisy areas
with less deformation [Figs. S5.16 and S5.17]. Nevertheless, we tested quadtree methods
on 13 interferograms from 2014 that exhibit high coherence and contain deformation
[Table S5.5 and Fig S5.16]. Additionally, one non-deforming interferogram was also
subsampled to explore the applicability of this method for defining an atmosphere mask
[Fig. S5.17]. These interferograms were subsampled using eight different configurations
of quadtree input parameters [Table S5.4]. This process allows us to examine the effect of
subjective subsampling techniques on non-ideal datasets, but requires further testing and
analysis to result in definitive conclusions.
In Figures S5.16 and S5.17 it is clear that the areas where coherence is lost and
along the coast are oversampled because of the tolerance requirement, while the center of
deformation (southern edge of the caldera) is represented by far fewer points. If used as
data in an inversion for deformation source parameters, when the residual sum of squares
is calculated, the model would be fitting many more of these noisy pixels, than the pixels
that represent deformation because quadtree has introduced a bias. One method to avoid
this effect, would be to first interpolate and smooth the data so that noisy or incoherent
pixels are not biasing the subsampling process. The interferograms presented in this study
have already been filtered in SAR and map coordinates as they were being generated.
Further filtering or interpolation would require the development of a new tool with
associated statistical testing to confirm that this would not also introduce an unknown bias
or uncertainty, and we do not feel this would improve our dataset.
An additional test was performed to analyze whether the magnitude of deformation
between original and subsampled interferograms at least remains consistent [Table S5.5
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and Fig. S5.18]. In Figure S5.18 it is shown that regardless of which subsampling algorithm
is used, the maximum deformation measured is considerably less in the original
interferograms. The observed increase in maximum displacement would have a significant
effect on the estimation of deformation source parameters.
The data was first used in its entirety during the inversion process to estimate
deformation source parameters, as outlined in the main article. Subsampling the 66
interferograms we have already modeled using quadtree would require, at a minimum,
custom input parameters for each interferogram, which would need to be tested to ensure
the most appropriate parameters are being used. Once this is performed all of the
interferograms will still have a different number of pixels, new introduced bias and error
relating to the subsampling method, and while computationally more efficient they would
need to be modeled again with the three geometries tested in the manuscript. We feel this
is a redundant exercise, given that all of the pixels in each interferogram have already been
used to estimate deformation source parameters and individual subsampling would not
allow for any further statistical analysis to compare these model parameters.
The literature regarding quadtree methods for subsampling do indicate that there
are differences between different kinds of methods and attention is required when properly
subsampling [Lohman and Simmons, 2005]. Because this method is apparently not robust
and objective and instead creates a model with unknown bias and uncertainty, we feel that
further analysis into the application of quadtree subsampling algorithms as applied to
deforming, small, isolated, volcanic islands is required before we will apply this to our
dataset.
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Table S5.4. Input parameters required for quadtree analysis. These particular inputs were
varied to test 14 interferograms [Table S5.5]. Labels correspond to Figures S5.16-S5.18.
The results from these tests are displayed in Figures S5.16-S5.18.

Fit Type

Tolerance (m)

Variance
Calculation

Start
Level

End
Level

Label

Mean
Median
Bi-linear
Mean
Mean
Bi-linear
Mean
Bi-linear

1.5
1.5
1.5
0.5
0.001
0.001
3.0
3.0

1
1
1
1
1
1
1
1

3
3
3
1
3
3
3
3

10
10
10
10
10
10
10
10

a
b
c
d
e
f
g
h
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Table S5.5. List of interferograms used to analyze subsampling techniques. Original
interferograms can be found in Figures S5.5 and S5.6. All interferograms have high
coherence and contain a significant amount of deformation except for the interferogram
that spans the summer of 2015.

Primary Image
(yyyymmdd)

Secondary Image
(yyyymmdd)

20110805
20110805
20110805
20110805
20110805
20110816
20130822
20130822
20130822
20140615
20140615
20140615
20140615
20150716

20140615
20140626
20140707
20140718
20140809
20140626
20140615
20140626
20140809
20140626
20140707
20140718
20140809
20150807
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Figure S5.16. Examples from quadtree tests of a deforming image with high coherence.
The original interferogram (bottom right) is subsampled using different inputs (panel labels
correspond to the labels indicated in Table S5.4). The number of points resulting from this
subsampling algorithm are indicated at the top of each panel. The scale indicates motion in
the LOS direction with units of millimeters.
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Figure S5.17. Examples from quadtree tests of a non-deforming image with high coherence
(20150716_20150807, Fig. S5.6). The original interferogram is subsampled using different
inputs (panel labels correspond to the labels indicated in Table S5.4). The number of points
resulting from this subsampling algorithm are indicated at the top of each panel. Each scale
indicates motion in the LOS direction with units of millimeters. The scale to the right of
panel b applies to panels a, b, c, and d while the scale to the right of panel h applies to
panels g and h.
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Figure S5.18. Comparison of maximum displacement between 13 [Table S5, deforming
images] of the original interferograms used to fit deformation source model parameters
(black “x’s” outlined in red box) and the maximum displacement for the subsampled image
after applying subsampling routines a-h. It is clear that no matter which subsampling
technique is applied, the maximum value for the original data is much less than the
maximum value estimated from subsampling algorithms.
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Table S5.6. Best fit Mogi point source model parameters for the pre-2014 interferograms.

Primary
Image
(yyyymmdd)

Secondary
Image
(yyyymmdd)

Longitude
(dec. deg.)

Latitude
(dec. deg.)

Depth
(km)

Volume
(km3)

RSS

20110805
20110805
20110805
20110816
20110816
20130811

20110816
20130811
20130822
20130811
20130822
20130822

179.567
179.651
179.662
179.661
179.683
179.629

51.997
51.898
51.910
51.970
51.895
51.891

2.1
10.0
3.7
10.0
10.0
2.1

0.005
0.055
0.001
0.062
0.099
0.001

5.4
39.5
25.8
36.6
24.8
44.4

323

Table S5.7. Best fit Mogi point source model parameters for the 2014 interferograms. The
shaded rows indicate interferograms used to calculate the 2014a average and the unshaded
rows correspond to the 2014b average calculations.
Primary
Image
(yyyymmdd)

Secondary
Image
(yyyymmdd)

Longitude
(dec. deg.)

Latitude
(dec. deg.)

Depth
(km)

Volume
(km3)

RSS

20110805
20110805
20110805
20110805
20110805
20110816
20110816
20110816
20110816
20110816
20130811
20130811
20130811
20130811
20130811
20130822
20130822
20130822
20130822
20130822
20140615
20140615
20140615
20140615
20140626
20140626
20140626
20140707
20140707
20140718

20140615
20140626
20140707
20140718
20140809
20140615
20140626
20140707
20140718
20140809
20140615
20140626
20140707
20140718
20140809
20140615
20140626
20140707
20140718
20140809
20140626
20140707
20140718
20140809
20140707
20140718
20140809
20140718
20140809
20140809

179.679
179.632
179.591
179.588
179.569
179.592
179.591
179.591
179.594
179.591
179.626
179.594
179.564
179.640
179.645
179.602
179.600
179.682
179.592
179.608
179.600
179.676
179.562
179.620
179.682
179.622
179.624
179.616
179.566
179.678

51.947
51.960
51.900
51.900
51.906
51.901
51.901
51.901
51.971
51.900
51.906
51.971
51.901
51.992
51.994
51.912
51.911
51.997
51.910
51.935
51.939
51.987
51.906
51.948
51.867
51.962
51.931
51.960
51.888
51.976

3.1
2.9
2.9
3.6
2.6
3.7
3.5
3.5
7.1
3.5
7.5
7.2
7.4
7.0
7.2
3.8
4.4
5.0
6.2
5.0
5.8
6.9
6.4
6.3
10.0
8.2
7.0
10.0
4.5
10.0

0.002
0.004
0.004
0.007
0.005
0.004
0.005
0.006
0.025
0.007
0.018
0.028
0.034
0.029
0.033
0.003
0.008
0.012
0.018
0.013
0.007
0.014
0.014
0.014
0.022
0.009
0.007
0.100
0.002
0.012

42.2
72.1
79.6
53.5
98.9
47.8
41.2
57.7
87.2
65.5
18.8
23.1
27.3
29.6
26.0
64.7
54.8
60.1
57.0
73.9
7.8
17.7
15.8
11.9
6.7
9.0
5.3
7.2
5.7
7.3
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Table S5.8. Best fit Mogi point source model parameters for the 2015 interferograms. The
shaded rows indicate interferograms used to calculate the 2015a average and the unshaded
rows correspond to the 2015b average calculations [Table 5.1].

Primary
Secondary
Image
Image
(yyyymmdd) (yyyymmdd)
20140707
20140707
20140707
20140718
20140718
20140718
20140809
20140809
20140809
20150716
20150716
20150807

20150716
20150807
20150818
20150716
20150807
20150818
20150716
20150807
20150818
20150807
20150818
20150818

Longitude
(dec. deg.)

Latitude
(dec. deg.)

Depth
(km)

179.639
179.665
179.644
179.590
179.592
179.592
179.688
179.666
179.653
179.568
179.571
179.643

51.971
51.925
51.923
51.901
51.903
51.903
51.973
51.953
51.952
52.003
51.989
51.935

10.0
9.5
10.0
7.7
7.3
7.4
7.8
7.0
7.7
5.9
10.0
8.7
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Volume
RSS
(km3)
0.078
0.061
0.100
0.030
0.025
0.026
0.030
0.020
0.026
0.001
0.006
0.003

24.3
18.6
21.8
17.0
15.2
17.4
16.3
15.8
19.6
5.5
8.6
2.4

Table S5.9. Best fit Mogi point source model parameters for the 2014-2015 interferograms.

Primary
Image
(yyyymmdd)

Secondary
Image
(yyyymmdd)

20110805
20110805
20110805
20110816
20110816
20110816
20130811
20130811
20130811
20130822
20130822
20130822
20140615
20140615
20140615
20140626
20140626
20140626

20150716
20150807
20150818
20150716
20150807
20150818
20150716
20150807
20150818
20150716
20150807
20150818
20150716
20150807
20150818
20150716
20150807
20150818

Longitude
Latitude Depth Volume
(dec. deg.) (dec. deg.) (km)
(km3)
179.644
179.562
179.565
179.569
179.569
179.566
179.562
179.652
179.562
179.644
179.562
179.571
179.562
179.647
179.562
179.591
179.652
179.665

326

51.926
51.906
51.961
51.904
51.935
51.969
51.906
51.951
51.906
51.954
51.906
51.926
51.906
51.955
51.906
51.901
51.968
51.921

7.8
6.8
6.3
7.6
9.3
8.0
8.2
8.6
8.8
4.0
6.2
5.7
7.9
8.7
9.8
7.4
6.7
8.4

0.046
0.034
0.031
0.048
0.082
0.058
0.074
0.086
0.089
0.010
0.030
0.022
0.048
0.060
0.091
0.029
0.021
0.042

RSS
121.2
157.4
132.0
162.6
144.7
113.8
29.5
39.5
24.4
118.8
70.8
78.2
26.5
20.1
22.5
21.9
19.3
23.0

Table S5.10. Best fit Okada dislocation plane source model parameters for the pre-2014
interferograms.

Primary
Secondary
Length Width Depth Dip Strike Longitude Latitude Opening Volume
Image
Image
RSS
3
(km)
(km) (km) (deg.) (deg.) (dec. deg.) (dec.deg.)
(mm)
(km )
(yyyymmdd) (yyyymmdd)
20110805

20110816

0.79

13.06

4.8

48.5

237.9

179.568

51.973

474

0.049

1.7

20110805

20130811

0.54

11.72

5.3

67.4

196.4

179.564

51.961

3473

0.220

8.9

20110805

20130822

2.11

0.50

7.6

29.3

232.8

179.686

51.905

5464

0.058

6.7

20110816

20130811

0.64

14.86

10.0

89.7

325.1

179.656

51.903

32820

3.126

8.5

20110816

20130822

1.82

0.50

8.9

86.3

337.2

179.563

51.956

11531

0.105

5.0

20130811

20130822

8.89

0.50

3.1

72.1

201.4

179.600

51.949

1481

0.066

22.0
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Table S5.11. Best fit Okada dislocation plane source model parameters for the 2014
interferograms. The shaded rows indicate interferograms used to calculate the 2014a
average and the unshaded rows correspond to the 2014b average calculations.

Primary
Image
(yyyymmdd)

Secondary
Length Width Depth Dip Strike Longitude Latitude Opening Volume
Image
RSS
(km)
(km) (km) (deg.) (deg.) (dec. deg.) (dec.deg.) (mm)
(km3 )
(yyyymmdd)

20110805

20140615

0.51

0.86

9.2

50.9

360.0

179.563

51.904

44724

0.195

10.0

20110805

20140626

0.97

4.34

6.0

55.7

360.0

179.562

51.929

4737

0.200

14.2

20110805

20140707

9.47

0.95

6.0

55.3

360.0

179.576

51.923

2082

0.188

12.8

20110805

20140718

11.77

1.25

8.2

10.0

214.2

179.641

51.912

2061

0.303

11.3

20110805

20140809

5.70

0.50

10.0

54.3

217.8

179.676

51.897

34777

0.992

14.8

20110816

20140615

12.62

0.58

7.1

10.1

224.3

179.644

51.908

1844

0.134

10.5

20110816

20140626

11.57

0.61

9.1

10.7

204.8

179.650

51.926

4405

0.309

8.9

20110816

20140707

3.92

0.50

8.1

68.5

360.0

179.562

51.929

17289

0.338

8.5

20110816

20140718

0.55

0.50

6.9

52.1

253.3

179.632

51.898

126133

0.346

11.8

20110816

20140809

12.58

0.50

8.7

15.0

198.0

179.652

51.922

6308

0.397

10.8

20130811

20140615

10.41

2.32

9.9

24.5

360.0

179.581

51.901

1112

0.269

6.4

20130811

20140626

0.73

0.50

10.0

48.2

359.9

179.563

51.917

160282

0.587

8.8

20130811

20140707

2.73

0.50

10.0

50.8

208.0

179.686

51.897

107588

1.468

12.1

20130811

20140718

0.61

0.50

10.0

39.8

215.6

179.665

51.898

401538

1.217

10.9

20130811

20140809

6.18

0.50

10.0

49.9

359.6

179.563

51.921

24361

0.752

8.6

20130822

20140615

0.66

0.50

7.5

40.1

360.0

179.582

51.908

26885

0.090

22.4

20130822

20140626

2.10

0.50

9.0

58.0

359.9

179.561

51.919

31648

0.332

21.7

20130822

20140707

1.19

0.50

10.0

55.1

208.8

179.685

51.897

167181

0.993

28.2

20130822

20140718

9.32

0.50

10.0

35.5

223.3

179.654

51.898

13316

0.620

17.7

20130822

20140809

9.20

0.50

10.0

42.8

219.5

179.664

51.898

17973

0.827

26.8

20140615

20140626

3.46

0.50

10.0

51.0

357.7

179.562

51.935

16853

0.292

4.9

20140615

20140707

14.76

0.57

10.0

10.3

180.0

179.646

51.944

4220

0.357

12.2

20140615

20140718

2.56

0.50

10.0

39.9

360.0

179.569

51.936

25137

0.322

8.1

20140615

20140809

7.75

0.50

10.0

50.5

360.0

179.562

51.934

11479

0.445

7.7

20140626

20140707

0.90

15.00

6.8

10.0

258.7

179.630

51.915

263

0.036

3.8

20140626

20140718

0.50

0.74

10.0

49.6

225.1

179.654

51.921

53223

0.199

2.8

20140626

20140809

0.58

0.70

10.0

35.1

195.5

179.683

51.923

105194

0.423

2.6

20140707

20140718

3.24

0.50

7.2

68.9

263.4

179.607

51.903

3689

0.060

2.5

20140707

20140809

0.76

3.46

10.0

13.4

359.8

179.584

51.910

8243

0.217

5.3

20140718

20140809

9.96

0.75

10.0

74.7

327.6

179.561

51.912

4896

0.363

4.0
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Table S5.12. Best fit Okada dislocation plane source model parameters for the 2015
interferograms. The shaded rows indicate interferograms used to calculate the 2015a
average and the unshaded rows correspond to the 2015b average calculations (file
attached).

Primary
Secondary
Length Width Depth Dip Strike Longitude Latitude Opening Volume
Image
Image
RSS
(km)
(km) (km) (deg.) (deg.) (dec. deg.) (dec.deg.) (mm)
(km3 )
(yyyymmdd) (yyyymmdd)
20140707

20150716

0.50

1.69

10.0

15.2

360.0

179.634

51.927

37197

0.315

9.9

20140707

20150807

0.84

0.53

10.0

10.1

360.0

179.648

51.927

71908

0.321

7.2

20140707

20150818

0.59

4.84

9.6

10.1

360.0

179.616

51.930

10060

0.285

9.0

20140718

20150716

0.90

0.65

10.0

72.5

337.9

179.582

51.906

119322

0.694

6.3

20140718

20150807

1.36

0.50

10.0

48.2

344.2

179.613

51.916

60702

0.414

5.4

20140718

20150818

2.08

0.50

10.0

44.9

331.9

179.619

51.913

35831

0.372

5.6

20140809

20150716

1.23

0.50

4.4

89.9

299.7

179.586

51.957

2715

0.017

1.7

20140809

20150807

0.86

0.50

10.0

67.4

237.3

179.601

51.899

52767

0.226

3.2

20140809

20150818

0.69

0.50

10.0

66.1

251.3

179.573

51.900

35600

0.123

0.7

20150716

20150807

0.58

0.66

9.0

19.3

315.3

179.648

51.918

51003

0.194

5.0

20150716

20150818

0.78

0.50

10.0

61.3

330.4

179.604

51.909

104357

0.408

5.4

20150807

20150818

0.65

0.58

10.0

66.3

319.2

179.602

51.901

125754

0.474

6.2
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Table S5.13. Best fit Okada dislocation plane source model parameters for the 2014-2015
interferograms.

Primary
Secondary
Length Width Depth Dip Strike Longitude Latitude Opening Volume
Image
Image
RSS
(km)
(km) (km) (deg.) (deg.) (dec. deg.) (dec.deg.)
(mm)
(km3 )
(yyyymmdd) (yyyymmdd)
20110805

20150716

13.79

0.50

8.0

35.5

229.8

179.666

51.918

8943

0.618

17.2

20110805

20150807

2.47

0.50

9.2

55.0

237.5

179.665

51.898

74769

0.924

43.2

20110805

20150818

10.66

0.56

7.4

11.0

224.0

179.653

51.935

5741

0.345

17.0

20110816

20150716

3.92

0.50

9.7

66.2

231.9

179.684

51.898

75819

1.490

33.8

20110816

20150807

8.20

0.50

8.3

61.1

235.6

179.669

51.898

22353

0.918

16.5

20110816

20150818

4.47

0.50

9.1

62.0

233.8

179.674

51.898

52711

1.181

20.6

20130811

20150716

1.29

0.50

10.0

44.3

355.3

179.588

51.921

146482

0.950

7.1

20130811

20150807

0.61

0.50

10.0

46.2

357.6

179.587

51.923

285598

0.871

8.8

20130811

20150818

8.09

0.50

10.0

21.6

352.2

179.614

51.922

20517

0.829

6.0

20130822

20150716

12.38

0.50

10.0

45.5

219.1

179.682

51.907

18226

1.128

16.0

20130822

20150807

3.58

0.96

9.9

38.8

360.0

179.598

51.924

17184

0.592

14.9

20130822

20150818

0.96

1.45

10.0

25.0

360.0

179.595

51.920

47087

0.652

26.0

20140615

20150716

1.91

3.08

10.0

35.4

234.1

179.681

51.897

16374

0.961

10.1

20140615

20150807

0.63

1.06

10.0

33.6

254.3

179.659

51.898

153100

1.020

6.1

20140615

20150818

0.63

5.90

10.0

29.3

231.9

179.686

51.897

23229

0.864

5.8

20140626

20150716

0.50

0.58

10.0

17.0

266.2

179.658

51.914

134400

0.387

6.3

20140626

20150807

0.83

0.53

10.0

45.0

318.7

179.616

51.906

128871

0.561

7.1

20140626

20150818

0.92

2.32

10.0

10.7

180.0

179.682

51.929

18285

0.391

6.5

Table S5.14. Best fit Yang spheroid source model parameters for the pre-2014
interferograms.

Primary
Secondary
Longitude Latitude Depth Pressure Length of a Length of b Strike Plunge Volume
Image
Image
RSS
(dec. deg.) (dec. deg.) (km)
(kPa)
(km)
(km)
(deg.) (deg.) (km3 )
(yyyymmdd) (yyyymmdd)
20110805

20110816

179.568

52.002

1.4

77.50

1.78

0.50

123.9

5.5

0.000

2.4

20110805

20130811

179.682

20110805

20130822

179.673

51.867

2.1

1765.90

4.62

0.50

103.1

17.0

0.007

12.9

51.929

10.0

4996.06

0.50

1.07

23.3

52.7

0.009

20110816

20130811

6.8

179.690

52.000

10.0

0.01

0.50

0.50

28.5

86.5

0.000

45.1

20110816
20130811

20130822

179.685

51.945

3.8

151.18

8.35

0.50

224.8

24.6

0.001

4.7

20130822

179.611

51.932

6.8

4907.89

2.76

0.50

124.5

83.5

0.011

23.6
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Table S5.15. Best fit Yang spheroid source model parameters for the 2014 interferograms.
The shaded rows indicate interferograms used to calculate the 2014a average and the
unshaded rows correspond to the 2014b average calculations.

Primary
Secondary
Longitude Latitude Depth Pressure Length of a Length of b Strike Plunge Volume
Image
Image
RSS
(dec. deg.) (dec. deg.) (km)
(kPa)
(km)
(km)
(deg.) (deg.) (km3 )
(yyyymmdd) (yyyymmdd)
20110805

20140615

179.608

51.908

7.7

9968.78

2.10

0.50

289.8

9.6

0.017

20110805

20140626

179.623

51.924

6.3

7873.88

0.50

1.11

187.9

38.6

0.015

9.8

20110805

20140707

179.629

51.918

7.0

9563.49

4.12

0.54

77.9

66.3

0.036

11.6

20110805

20140718

179.623

51.915

7.2

14849.03

0.50

1.05

187.6

35.0

0.026

8.5

20110805

20140809

179.639

51.917

7.0

22682.21

2.86

0.50

77.1

69.8

0.051

8.6

20110816

20140615

179.643

51.916

6.4

3935.57

0.50

1.23

203.7

20.7

0.009

8.6

20110816

20140626

179.610

51.935

7.3

6428.77

5.47

0.50

239.9

77.1

0.028

8.6

20110816

20140707

179.611

51.932

9.7

5961.40

9.10

0.50

188.2

86.7

0.043

8.1

20110816

20140718

179.625

51.931

6.1

5561.58

0.50

1.27

195.3

32.1

0.014

6.0

20110816

20140809

179.632

51.937

6.1

19.45

9.08

6.85

338.8

14.8

0.026

8.8

20130811

20140615

179.605

51.907

8.8

16799.70

2.04

0.50

98.8

5.0

0.027

6.0

20130811

20140626

179.609

51.918

10.0

47272.07

1.29

0.58

106.6

9.3

0.064

6.5

20130811

20140707

179.637

51.933

8.2

7116.38

2.67

1.06

113.9

65.9

0.067

5.7

20130811

20140718

179.605

51.923

9.8

54071.31

1.56

0.50

111.5

8.5

0.066

6.3

20130811

20140809

179.614

51.922

10.0

47573.87

1.24

0.65

120.7

15.3

0.078

5.8

20130822

20140615

179.605

51.901

5.7

977.17

0.58

1.80

165.7

39.1

0.006

20.8

20130822

20140626

179.618

51.928

6.4

5762.56

4.93

0.55

113.9

70.2

0.027

17.9

20130822

20140707

179.601

51.930

9.1

7667.83

8.41

0.50

106.2

75.7

0.051

17.6

20130822

20140718

179.610

51.922

7.6

7941.14

4.24

0.51

313.5

3.1

0.028

14.5

20130822

20140809

179.636

51.917

7.5

11874.63

2.17

0.78

81.3

60.5

0.049

20.0

20140615

20140626

179.619

51.950

9.5

1069.29

7.20

1.26

108.8

73.4

0.039

3.2

20140615

20140707

179.639

51.956

7.2

16848.44

2.24

0.50

103.5

70.2

0.030

6.6

20140615

20140718

179.603

51.939

9.2

34749.37

1.19

0.50

133.3

2.1

0.032

4.8

20140615

20140809

179.615

51.948

9.6

3863.32

7.72

0.79

118.5

72.9

0.058

3.5

20140626

20140707

179.640

51.868

0.0

1109.15

10.00

0.50

84.3

45.1

0.009

9.1

20140626

20140718

179.607

51.953

3.4

489.30

2.40

0.50

18.7

33.8

0.001

6.4

20140626

20140809

179.606

51.923

6.0

3333.52

3.58

0.50

23.3

79.0

0.009

1.9

20140707

20140718

179.625

51.954

0.6

3.85

0.50

3.14

93.2

78.9

0.000

4.2

20140707

20140809

179.593

51.911

10.0

3125.83

0.50

1.57

128.2

32.6

0.012

4.0

20140718

20140809

179.656

51.958

9.4

1395.52

9.98

0.50

45.8

0.0

0.011

4.3
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8.9

Table S5.16. Best fit Yang spheroid source model parameters for the 2015 interferograms.
The shaded rows indicate interferograms used to calculate the 2015a average and the
unshaded rows correspond to the 2015b average calculations.

Primary
Secondary
Longitude Latitude Depth Pressure Length of a Length of b Strike Plunge Volume
Image
Image
RSS
(dec. deg.) (dec. deg.) (km)
(kPa)
(km)
(km)
(deg.) (deg.) (km3 )
(yyyymmdd) (yyyymmdd)
20140707

20150716

179.643

51.929

8.8

22858.92

2.33

0.50

262.3

4.5

0.042

7.7

20140707

20150807

179.645

51.930

8.5

43116.18

1.14

0.50

266.3

2.2

0.039

5.7

20140707

20150818

179.660

51.930

8.0

20442.31

0.63

0.92

358.8

2.0

0.034

7.4

20140718

20150716

179.674

51.929

7.8

17896.78

0.50

0.95

295.4

12.6

0.025

5.1

20140718

20150807

179.655

51.930

8.1

40314.32

0.96

0.51

46.7

10.4

0.031

3.7

20140718

20150818

179.650

51.933

8.3

36910.46

1.13

0.50

233.3

3.2

0.033

3.6

20140809

20150716

179.649

51.930

7.5

25292.33

1.19

0.50

253.3

0.1

0.024

4.9

20140809

20150807

179.656

51.937

6.4

5500.93

3.32

0.50

33.7

7.6

0.014

5.7

20140809

20150818

179.674

51.936

7.8

14396.30

0.50

0.98

314.6

4.1

0.022

5.4

20150716

20150807

179.571

51.964

9.6

2939.94

2.96

0.50

58.1

71.4

0.007

2.3

20150716

20150818

179.567

51.973

2.6

1.65

0.50

7.68

215.8

68.3

0.000

4.5

20150807

20150818

179.682

51.867

0.0

543.31

10.00

0.50

107.7

37.5

0.004

3.3
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Table S5.17. Best fit Yang spheroid source model parameters for the 2014-2015
interferograms.

Primary
Secondary
Longitude Latitude Depth
Image
Image
(dec. deg.) (dec. deg.) (km)
(yyyymmdd) (yyyymmdd)

Pressure
(kPa)

Length of a Length of b Strike Plunge Volume
RSS
(km)
(km)
(deg.) (deg.) (km3 )

20110805

20150716

179.647

51.949

6.2

4037.78

9.14

0.51

312.4

7.4

0.030

12.5

20110805

20150807

179.639

51.945

5.3

213.84

7.86

2.15

312.4

4.6

0.024

16.1

20110805

20150818

179.635

51.933

7.0

16901.34

0.50

1.08

185.2

43.0

0.031

19.1

20110816

20150716

179.637

51.951

5.6

3003.24

8.15

0.58

312.4

0.0

0.026

16.0

20110816

20150807

179.639

51.946

4.5

2397.48

7.06

0.50

316.2

4.3

0.013

13.5

20110816

20150818

179.636

51.936

7.2

14871.51

0.50

1.16

188.0

36.8

0.032

11.0

20130811

20150716

179.638

51.925

8.9

61307.15

0.85

0.75

102.8

34.6

0.091

6.6

20130811

20150807

179.634

51.924

8.9

16031.75

1.68

1.01

69.6

21.8

0.086

8.5

20130811

20150818

179.636

51.929

8.9

97989.71

0.61

0.69

331.3

47.3

0.090

5.7

20130822

20150716

179.651

51.910

9.1

72203.63

1.79

0.50

52.7

63.8

0.101

18.7

20130822

20150807

179.630

51.925

8.6

43710.68

1.86

0.50

90.1

10.3

0.064

12.3

20130822

20150818

179.634

51.924

8.4

65709.62

0.50

0.80

182.5

19.0

0.065

13.2

20140615

20150716

179.646

51.946

7.3

30344.52

1.36

0.67

154.7

66.5

0.058

6.0

20140615

20150807

179.645

51.937

9.1

105286.46

0.74

0.55

159.2

50.4

0.073

5.2

20140615

20150818

179.645

51.949

7.8

34532.11

1.32

0.65

157.2

63.1

0.061

5.0

20140626

20150716

179.646

51.934

7.8

3488.20

1.14

1.62

41.8

41.6

0.033

5.8

20140626

20150807

179.652

51.936

8.0

40502.58

0.89

0.55

189.7

30.5

0.034

5.5

20140626

20150818

179.630

51.936

8.2

7900.11

0.68

1.33

65.6

42.4

0.030

5.2
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Cross Correlation Data
Catalog Data
NITER WTCCP WTCCS WRCC WDCC WTCTP WTCTS WRCT WDCT WTCD DAMP JOINT THRES
4
0.01
0.01
6
-9
1
0.01
6
10
1
150
0
0.4
4
0.01
0.01
6
-9
1
0.01
6
5
0.8
200
0
0.4
4
0.1
0.1
6
-9
1
0.1
6
2.5
0.6
150
0
0.4
4
0.5
0.5
6
-9
0.1
0.5
6
2.5
0.4
150
0
0.4
4
1
1
6
2
0.01
1
6
2.5
0.2
200
0
0.4

Table S5.18. Hierarchal dynamic weighting scheme applied to tomodd inversions. NITER is the last iteration to use the
following weights. WTCCP and WTCCS are the weight of the P and S wave cross correlation data and the WTCTP and
WTCTS are the weights for the P and S wave catalog data. WRCC and WRCT are the residual thresholds for the cross
correlation and catalog data, respectively. The values used here are dynamic cutoffs determined by multiplying the WRCC
and WRCT value by the standard deviation. WDCC and WDCT are the maximum distance (km) between the cross
correlation and catalog data linked pairs. WTCD is the relative weighting between the absolute and differential data. DAMP
is the damping used in the least squares inversion and JOINT is the switch for location and velocity inversions. Here Joint
is set to 0, indicating that there is no velocity inversion performed. THRES is a scalar value used to determine the derivative
weight sum (DWS) threshold values for Vp and Vs. If a node has a DWS value < THRES then it is fixed during inversion
iteration (file attached).

Text S5.3.
In addition to the regional velocity model that is routinely used, AVO has also
published two, more regionally specific, one-dimensional velocity models that could be
considered appropriate for Semisopochnoi [Fig. 5.7]. Directly to the east of the Rat Island
group, where Semisopochnoi is the easternmost extent, is the Andreanof island group that
extends from the island of Tanaga in the west to Seguam in the east. The Andreanof
velocity model represents an average velocity profile for the island group, with a
significantly slower individual model for the island of Tanaga [Fig. 5.7]. The three velocity
models defined in Figure 5.7 are used in the program tomoDD as starting models for the
location and tomography inversions. A synthetic velocity model was also created from the
best fit deformation source model. A slow velocity region was imbedded into the regional
velocity model at depths of 5-7 km with widths of 2 km in the east and north directions. Pwave velocities for this region were fixed to be 20% slower than the original model.
Each velocity model was tested with both fine and coarse inversion grid nodes.
Both grids were centered on the same location, the approximate center of the island and
seismic swarms. The location of 0,0,0 for the inversion grids is 51.9288° N, 179.5977° E,
0 km above sea level. Nodes were then defined in the x, y, and z directions as kilometer
distances from the center of the grid. The x and y directions have the same number of nodes
and spacing, for the coarse grid there were three nodes in the x and y directions at -300 km,
0 km, and 300 km. The fine grid had 23 x and y nodes at distances of -400 km, -50 km, 10 km, -4 km, -3 km, -2 km, -1.5 km, -1 km, -0.75 km, -0.5 km, -0.25 km, 0 km, 0.25 km,
0.5 km, 0.75 km, 1 km, 2 km, 3 km, 4 km, 10 km, 50 km, 400 km. In the z direction the
coarse grid had 10 nodes at -150 km, -1 km, -0.5 km, 0 km, 0.5 km, 1 km, 1.5 km, 2 km, 4
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km, 6 km, 8 km, 12 km, 18 km, and 200 km. The fine grid had 30 nodes in the z direction
in an effort to better resolve velocity in the shallow magma storage area of the volcano
[Fig. 5.20]. The nodes for the fine grid were placed at -150 km, -1 km, 0 km, 2 km, 2.5 km,
3 km, 3.5 km, 4 km, 4.5 km, 5 km, 5.5 km, 6 km, 6.5 km, 7 km, 7.5 km 8 km, 8.5 km, 9
km 9.5 km, 10 km, 15 km, 20 km, 25 km, 33 km, 47 km, and 65 km. Negative numbers in
the z direction indicate height above sea level, while positive numbers indicate depth below
sea level. For the case of Semisopochnoi the air/land interface was defined at -1 km to
account for the average topography of the island and the seismic station elevations.
Joint inversions for both seismic event location and velocity model are performed
using the same differential time data. Inversion weighting and regularization parameters
are held constant across all velocity models and both grid sizes. None of the tomography
inversions resulted in any significant change to the velocity model, and the relocations
throughout all inversions reflected the same linear seismic features, with an aseismic region
located under the center of the caldera [Fig. S5.20].
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Figure S5.19. Histograms for the difference in epicentral location and origin time of seismic events relocated between the
results from the tomodd inversion using the regional as the starting model and the original catalog locations and times (AVO
Raw Data) as well as relocations and origin times resulting from the inversions when the Andreanof and Tanaga models are
used. Mean and standard deviation (std dev) values corresponding to Table 5.4 are also shown.

a

b

c

d

Figure S5.20. Comparison of relocated events using alternative starting velocity models (columns)
and grid spacing (rows) for 2014 and 2015 seismic events at Semisopochnoi volcano. The linear
seismic feature and aseismic region is defined in all of the velocity models but is more clearly
delineated when the Andreanof (a) or regional fine and coarse inversion grids (c and d,
respectively) are used as the starting model. When the Tanaga velocity model (b) is used as the a
priori velocity model, there is slight variation in the location of the 2015 events that are relocated
to a more southeastern cluster under the center of the caldera, compared to the other velocity
models.
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Figure S5.21. P-wave velocity of the regional model with the synthetic velocity model based on
the deformation source model embedded as a 20% decrease in velocity (top). These panels
represent an E-W crossection through the center of the deformation source, where X is longitudinal
distance (km) from the center of the deformation source. Due to the grid spacing the exact
geometry was not attainable. Synthetic travel times were created using the synthetic velocity model
in the forward problem. These synthetic travel times were then used as data in a tomodd inversion
with the regional model as the starting model. The resulting velocity model produced by this
inversion (bottom) shows that the synthetic velocity model cannot be resolved, and the inversion
is not sensitive to perturbations of these magnitudes at these depths.
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CHAPTER 6
SEMISOPOCHNOI VOLCANO 2018

Submitted as: Dietterich, H., Tepp, G., & DeGrandpre, K. (submitted). 2018 volcanic activity in
Alaska: Summary of events and response of the Alaska Volcano Observatory. Semisopochnoi
Volcano 2018. US Geological Survey.

Activity at Semisopochnoi Volcano began in September 2018 and continued through the
fall, characterized by sporadic low-level eruptive activity from the north cone of Mount Cerberus.
Seismic tremor and explosion signals captured most of the activity, with infrequent infrasound
detections and satellite observations of steam and very small ash deposits. Retrospective analysis
showed that activity continued through the end of the year, but real-time observations were limited
by a prolonged data outage beginning 1 November 2018.
Semisopochnoi is a young, uninhabited volcanic island in the western Aleutians with a 7
km diameter caldera formed between 6,900-5,000 ybp, and numerous post-caldera cones [Fig. 6.1;
Coombs et al. 2017]. The last recorded eruption was in 1987 from Sugarloaf Peak on the southern
side of the island, producing a 90 km long plume visible in satellite images and pilot observations
of ash on the flanks [Reeder, 1990]. Mount Cerberus, a cluster of three cones within the caldera,
has also erupted repeatedly in the Holocene, producing crystal-rich basaltic-andesite lavas and
tephras from all three cones. Fall deposits are consistent with mostly small- to moderate-sized ash
clouds, but some lapilli-size units suggest eruption intensities up to VEI 3 [Coombs et al. 2017].
The most recent unrest at Semisopochnoi was a pair of episodes of seismicity and deformation in
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2014-2015 that have been modeled as the rapid intrusion of 0.072 km3 of magma in two batches
into a spheroidal magma storage zone at a depth of ~8 km beneath caldera [DeGrandpre et al.
2019].

Figure 6.1. Satellite image (Sentinel-2, 10 September 2018) showing active and recent volcanic
features of Semisopochnoi Island, Alaska. The north cone of Mount Cerberus is steaming in this
image and a light dusting of gray ash is visible on the western flank of the cone.
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The first detected activity at Semisopochnoi were two minor seismic bursts noted on 8
September 2018 (8:10 and 9:44 UTC) [Fig. 6.2 and Table 6.1]. In hindsight, these were preceded
by weak tremor beginning on 25 August. Satellite imagery over the summer showed a seasonal
lake within the north crater of Mount Cerberus, but this was steaming in imagery from 4 September
and the lake was reported to be three times larger than normal on 5 September [Fig. 6.3A and
6.3B]. By 10 September, ash deposits extending ~1 km west of the north cone of Mount Cerberus
were visible [Fig. 6.1] and the presence of a new tephra cone (~75 m diameter) was also noted
within the north cone.

Figure 6.2. Chronology of the 2018 Semisopochnoi activity. Annotated above the plots are
instances of observed presence of a crater lake (blue bars), steam plumes (white triangles), ash
deposits and plumes (gray triangles), SO2 detections (blue circles), and infrasound detections (red
diamonds). A, normalized cumulative moment and seismic amplitude time series from station
CERB where blue is data in real-time and red is recovered after the 1 November 2018 connectivity
outage. B, daily earthquake counts until the data outage on 1 November 2018.
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Table 6.1. Summary of activity and observations at Semisopochnoi Volcano in 2018.

Date

Color Code/
Alert Level

8/25/18
9/4/18
9/5/18
9/10/18
9/15/18
9/16/18
9/16/18

GREEN/Normal
GREEN/Normal
GREEN/Normal
GREEN/Normal
GREEN/Normal
GREEN/Normal
YELLOW/Advisory

9/17/18
9/17/18
9/21/18
9/25/18
9/27/18
9/29/18
10/6/18
10/11/18
10/12/18
10/26/18
10/26/18
10/30/18
11/1/18
11/11/18
11/21/18
12/1/18
12/5/18
12/10/18
12/19/18
12/19/18

YELLOW/Advisory
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
YELLOW/Advisory
YELLOW/Advisory
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
ORANGE/Watch
YELLOW/Advisory
YELLOW/Advisory
YELLOW/Advisory
YELLOW/Advisory
YELLOW/Advisory
Unassigned

Observation description
Weak tremor begins
Steaming in crater
Crater lake 3x normal size by this date
Steaming in crater, new tephra cone and tephra deposit
Steam plume
Tremor and increasing seismicity
Color code/alert level change
Increased seismicity, stronger tremor, steam plume, lake
dried up
Color code/alert level change
First infrasound detection
Steam plume and tephra deposits
Pit formed in crater
Tephra cone grows within crater through Oct 1
SO2 detection
Crater lake returns
Color code/alert level change
Eruption with strong tremor and ash plume to 12,000 ft
Color code/alert level change
SO2 detection
Real-time seismic data lost
End of strong tremor (retrospective)
Color code/alert level change
Steaming in crater
Crater lake refills
Steaming in crater
Steaming in crater
Color code/alert level change
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Figure 6.3. Natural color multispectral satellite images of Semisopochnoi. A, Sentinel-2 image
from 27 July 2018 showing a small lake within the crater north cone of Mount Cerberus. B,
Landsat-8 image from 4 September 2018 showing steaming from the crater. C, Sentinel-2 image
from 15 September 2018 showing a small but robust steam plume from the crater. D, Sentinel-2
image from 25 September 2018 showing a steam plume from the crater and small, dark ash streaks
extending up to 6 km to the east and southeast.

Increased seismicity was noted on 16 September 2018, with tremor beginning at 16:31
UTC, resulting in the Aviation Color Code/Volcano Alert Level being increased from
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GREEN/NORMAL to YELLOW/ADVISORY. At the same time, the lake within the crater dried
up to form fumaroles and steam was observed in satellite views on 15 and 17 September [Fig.
6.3C]. Increased seismicity and stronger tremor on 17 September, in addition to the recognition of
the ash deposit in the 10 September satellite image led AVO to increase the Aviation Color
Code/Volcano Alert Level from YELLOW/ADVISORY to ORANGE/WATCH. Seismicity
alternating between continuous tremor and tremor bursts continued from 16–29 September, and
improved atmospheric propagation conditions for infrasound on Adak Island (13 min delay) led to
the first explosion detected in infrasound on 21 September [Fig. 6.2]. In satellite, tephra deposits
to the east and southeast of north Cerberus were observed on 25 September [Fig 6.3D], by 27
September a small pit had formed in the crater, and between 29 September and 1 October the
tephra cone inside the crater had built up and there were thick tephra deposits observed within the
crater.
In October, weak tremor was reported on 2-4, 8, and 10 October, and a small SO2 plume
was observed on 6 October, but no infrasound was detected [Fig. 6.2 timeline]. No eruptions were
observed in satellite images during this period and the crater lake returned by 11 October. This lull
in activity led to lowering the Aviation Color Code/Volcano Alert Level from ORANGE/WATCH
to YELLOW/ADVISORY on 12 October.
Strong seismic tremor began again on 26 October at 04:47 UTC (20:47 AK 25 October),
accompanied by weak infrasonic tremor detected in Adak and a small ash plume to 12,000 ft [Fig.
6.4]. This triggered an increase in the Aviation Color Code/Volcano Alert Level from
YELLOW/ADVISORY to ORANGE/WATCH. Small explosions with ground-coupled airwaves
and some infrasound continued to be observed until 1 November. Clouds obscured all satellite
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views during this time, but a possible SO2 signal was observed in Ozone Mapping and Profiler
Suite (OMPS) data on 30 October.

Figure 6.4. Spectrograms and satellite imagery (Himawari-8 false color composite) from the
eruption at 4:47 UTC 26 October 2018.

Satellite connection to the real-time seismic data receiver facility in Amchitka failed on 1
November and was not recovered until June 2019. During this data outage, no changes were
observed in satellite imagery data and no explosions were detected from the Adak Island
infrasound array. Due to lack of evidence for ongoing eruptive activity, AVO lowered the Aviation
Color Code/Volcano Alert Level from ORANGE/WATCH to YELLOW/ADVISORY on 12
November. With no further signs of eruptive activity, AVO changed the Aviation Color
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Code/Volcano Alert Level from YELLOW/ADVISORY to UNASSIGNED/UNASSIGNED on
19 December. After the seismic data was recovered in 2019, a retrospective analysis [Fig. 6.2, red
line] found that strong tremor and likely eruption continued until 11 November 2018. No eruptive
activity at Semisopochnoi during 2018 produced elevated surface temperatures in satellite views,
but steam was visible in the crater on 1, 10, and 19 December 2018.
Although significant deformation was associated with the previous unrest in 2014–2015,
little to no deformation has been observed since then [Fig. 6.5] and the fall 2018 eruption activity
is notably lacking associated surface displacement. In a preliminary analysis of Sentinel-1
interferograms, a small signal can occasionally be observed on the western flank of the north cone
of Mount Cerberus [Fig. 6.6], but this could result from surface deformation, atmospheric noise,
or a change in spectral properties from freshly deposited ash. There is also, potentially, a spatially
more extensive signal in the center of the caldera, similarly located to the modeled deformation
source from the 2014-2015 inflationary episodes [DeGrandpre et al., 2019; Fig. 6.6]. This could
represent deformation of a deeper source, but the magnitude of surface displacement is so small
(<1 mm) that the mechanisms producing this signal would more likely be related to processes such
as gas exsolution or crystallization rather than magma volume flux. Additional analysis is required
to definitively eliminate the possibility of atmosphere.
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Figure 6.5. Sentinel-1 path 81 interferograms show little to no deformation for the majority of
2018. Topographic corrections for atmosphere have been applied, but artifacts from turbulent
atmospheric noise is occasionally still evident, particularly on the eastern flanks of elevated
features.
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Figure 6.6. Sentinel-1 interferograms from three paths during the height of the fall 2018 eruptive
activity. Paths 8 and 30 (middle and top row, respectively) are ascending tracks while Path 81
(bottom row) is descending data. These interferograms show the daily variability in turbulent
atmosphere, such as the differences between 20181027-20181108 (Path 8, middle left panel) and
20181026-20181107 (Path 81, bottom left panel). There is occasionally a small deformation signal
on the southwest flank of the north cone of Mount Cerberus that is suspected to be related to the
recent eruptive events (red circle) with a potential link to a deeper source (black circle), similarly
located to the 2014-2015 deformation source [DeGrandpre et al., 2019].
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CHAPTER 7
BAYESIAN ESTIMATION OF ANALYTIC DEFORMATION SOURCE MODEL
PARAMETERS OF 2008 CO-ERUPTIVE GPS DISPLACEMENT AT OKMOK VOLCANO
REVEALS DIFFERENTIAL TECTONIC MOTION ON UMNAK ISLAND

7.1 Introduction
Okmok Volcano is a shield caldera on Umnak Island in the central Aleutian arc [Fig. 7.1]
where two significant and distinct eruptions occurred in 1997 and 2008. Historically, the eruptive
centers of Okmok alternate between cones that ring the perimeter of the main caldera, with events
in 1948, 1957, and 1997 originating from Cone A [Figs. 7.1 and 7.2]. The 1997 eruption was
observed in seismic, satellite aperture radar (SAR), and remotely sensed optical and thermal
imagery. An increase in seismic activity, thermal anomalies, and intermittent, smaller ash and
steam plumes preceded the main eruption event that was characterized by lava fountaining and
effusive flow of blocky a’a’ lava. Two lobes formed and flowed northeast across the caldera floor,
flowing directly on top of similar deposits that were emplaced during the 1945 and 1958 eruptions
[Begét et al., 2005; Dean et al., 1998; Lu et al., 1998, 2000, 2003; Mann et al., 2002; Miller et al.,
1998; Patrick et al., 2003; Simkin and Siebert, 2002].
On 12 July 2008, however, with less than five hours of precursory seismic activity, a large
phreatomagmatic eruption occurred at Cone D near the eastern rim of the caldera. This eruption
continued for five weeks into mid-August, with an eruption plume that extended up to 16 km.
During this period significant changes to the topography of the crater floor included such features
as the formation of Ahmanilix Cone on the northern flank of Cone D, the appearance of a new lake
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to the north of Ahmanilix, lahars that flowed northeast out of The Gates to the coast, and the
deposit of tens of meters of ashfall locally [Larsen et al., 2009, 2015; Lu and Dzurisin, 2014;
Unema et al., 2016].

Figure 7.1. DEM shaded relief map of Umnak Island with Okmok volcano, inset shows the location
of Umnak Island and Okmok Volcano in the central Aleutian Islands. Modified from Begét et al.
[2005].
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interpretations of these geodetic models fail to provide an explanation for a mechanism that allows
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one magmatic system could produce such different eruptions from opposite sides of the caldera.
To further complicate the challenge of defining the volcanic plumbing system at Okmok, while
the geodetic model parameters remain consistent between these two eruptions, seismic and
petrologic models do not reach this conclusion [Bennington et al., 2015; Caricchi et al., 2014;
Haney et al., 2010; Johnson et al., 2010; Larsen et al., 2013, 2015; Masterlark et al., 2012, 2016;
Ohlendorf et al., 2014; Pesicek et al., 2012; Unema et al., 2016]. There was only five hours of
precursory seismic activity in 2008, but in 1997 seismic events first started occurring on the
southwestern extent of Umnak Island, near Rechesnoi Volcano and they slowly progressed over a
matter of weeks to the northeast, towards Okmok. Seismic events then clustered underneath Cone
A just prior to and during the eruptions that occurred there. Petrologically the 1997 eruption was
a blocky, basaltic a’a’ flow with lava fountaining and only minor ash events. For these reasons,
while Okmok Volcano is one of the better instrumented volcanoes in the Aleutian arc, a
comprehensive understanding of the dynamics related to the migration of magma from depth and
mechanisms producing the variety of eruptive activity remains elusive.
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~53.432
~53.432
~53.432

~53.432
53.422
53.422
53.422
53.422

2003-2008
2008-2019
2008-2019
2008-2019
2008-2019

Longitude
(dec. deg. E)

~168.13
168.123
168.123
168.123
168.123

~168.13
~168.13
~168.13

5 km from Cone A
5 km from Cone A
53.428
168.136
53.428
168.136
54.426
168.133
53.422
168.146
53.433
168.140
center of caldera floor
53.433
168.140
53.433
168.140
53.437
168.134
53.431
168.134
center of caldera floor
1 km NW of 1997 source
center of caldera floor
center of caldera floor
center of caldera floor
center of caldera floor
center of caldera floor
NE of 1997/2008 source

Latitude
(dec. deg. N)

1997 eruption
1997 eruption
1997 eruption
1997 eruption
2000-2001
2001-2002
1997 eruption
1997 eruption
2000-2007
1992-2008
2005-2008
2008-2009
1997-2008
2008 eruption
1993
1995
1997 eruption
1997 eruption
2008 eruption
2008-2014
2003-2008
2003-2008
2003-2008

Data Period

3.45
3.0-4.0
2.50
0.9
3.2

2.70
2.70
3.60
1.80
3.10
1.90
3.20
4.50
2.60
3.40
2.14
1.98
3.00
2.0-3.0
~3.0
~3.0
2.7-3.08
3.05-3.09
1.90
3.9 +/- 0.3
3.41
3.47
3.10

Depth (km)

Data Type

Reference

2D, FEM, spheroid
Yang
Yang
Yang
Yang

InSAR
InSAR
GPS
GPS and InSAR
GPS and InSAR

Albright et al., 2019
Xue et al., 2020
Xue et al., 2020
Xue et al., 2020
Xue et al., 2020

Mogi
InSAR
Lu et al., 1998
Mogi
InSAR
Lu et al., 2000
Mogi
InSAR
Mann et al., 2002
Okada
InSAR
Mann et al., 2002
Mogi
GPS
Miyagi et al., 2004
Mogi
GPS
Miyagi et al., 2004
Mogi
InSAR
Lu et al., 2005
Mogi and FEM
InSAR
Masterlark et al., 2007
Mogi
GPS
Fournier et al., 2009
Mogi
GPS and InSAR
Biggs et al., 2010
Mogi
GPS
Freymueller and Kaufman, 2010
Mogi
GPS
Freymueller and Kaufman, 2010
Mogi
InSAR
Lu et al., 2010
Mogi
InSAR
Lu and Dzurisin, 2010
Mogi
InSAR
Lu and Dzurisin, 2014
Mogi
InSAR
Lu and Dzurisin, 2014
Mogi
InSAR
Lu and Dzurisin, 2014
Yang
InSAR
Lu and Dzurisin, 2014
Mogi
InSAR
Lu and Dzurisin, 2014
Mogi
GPS and InSAR
Qu et al., 2015
2D, FEM, spheroid
GPS and InSAR
Albright et al., 2019
2D, FEM, spheroid GPS and InSAR, low Young's modulous
Albright et al., 2019
2D, FEM, spheroid
GPS
Albright et al., 2019

Model Geometry

Table 7.1. Selection of previously published surface deformation between 1997 and 2019. Note that most studies find/estimate a similar
spherical source at a depth of 2 to 3 km beneath the center of the caldera.

This study focuses on investigating the co-eruptive deformation associated with the 2008
eruption. This event was of a large enough magnitude and over a geologically short time period so
that the resulting surface displacement signal should be dominated by deformation of the main
magmatic storage region. While the eruption continued for five weeks, by considering the coeruptive offset measured by GPS receivers to be instantaneous, the influence of smaller, complex
processes is removed, and temporal evolution can be ignored by assuming the crust to behave
elastically. In this way, assumptions required for analytic deformation models are valid, unlike
many of the previous studies. To estimate co-eruptive deformation from continuous and campaign
GPS data with a range of acquisition dates, requires the development of a simple, yet novel
technique for analyzing and modeling these geodetic position time series.
7.2 Background
Since the late 1990s, Umnak Island instrumentation and monitoring efforts have been a
priority because of the frequency and severity of eruption events at Okmok Volcano, as well as its
proximity to both the mainland and air cargo routes from Asia to North America. Because of this,
Okmok has some of the best data coverage of all the Aleutian volcanoes. This extensive data
network and regular volcanic activity has led to many geologic and geophysical investigations into
the parameters and mechanisms defining magma storage and transport at Okmok, particularly
since the 1997 eruption.
While many geodetic, seismic, and geochemical datasets have been used to model the
source of deformation and define local petrologic and rheologic parameters, they do not explain
the change in eruption parameters (e.g. precursory seismic activity and eruption type). Geodetic
models of the volcanic plumbing system for both eruptive events describe the main deformation
source as a shallow, spherical source (1-5 km bsl) located in the center of the caldera [Table 7.1;
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Albright et al., 2019; Biggs et al., 2010; Fournier et al., 2009; Freymueller and Kaufman, 2010;
Lu et al., 1998, 2003, 2005, 2010; Lu and Dzurisin, 2010, 2014; Mann et al., 2002; Miyagi et al.,
2004; Qu et al., 2015; Xue et al., 2020]. From these results we can infer that the magma storage at
Okmok Volcano is a large, persistent body with multiple conduits to the surface.
The horizontal location of the deformation source remains consistent through the majority
of the geodetic models, but variation in depth indicates that this parameter is not well constrained.
Most of these studies utilized analytic deformation source models such as the Mogi point source,
Okada dislocation plane, Yang prolate spheroid, Fialko penny shaped sill, or McTigue spherical
cavity [Fialko et al., 2001; McTigue, 1987; Mogi, 1958; Okada, 1985; Yang, 1988], which are
limited by a tradeoff between depth and volume change estimates. Differences in depth estimates
are most likely related to differences in surface displacement magnitudes (e.g. 2000-2002 vs 19972008), data types (e.g. GPS or InSAR), and/or modeling bias, with the volume or pressure change
compensating accordingly. It has become commonplace in manuscripts that report volcanic
deformation source model parameters to neglect to define the elastic parameters applied to the
model half-space, inappropriately ignore basic assumptions, and fail to state the parameters input
bounds or even best fit results. The Mogi model is the most basic of these analytic deformation
geometries, but it is defined as an infinitesimal point source that instantaneously expands to a
spherical cavity. Often the extent of this spherical cavity is limited to a 1 km radius, but this is not
a requirement of the original derivation. Occasionally a completely separate algorithm based on
equations published in a different model such as the McTigue spherical cavity or Yang prolate
spheroid are limited by radius and axis ratio to simulate the final form of the Mogi point source
and reported as such, even though this is misleading and inaccurate. All of the analytic models are
constructed on the assumption that the model space is an elastic, homogenous, isotropic, half367

space. Two deformation sources, whether of the same geometry or different ones, violates the
homogenous and isotropic assumptions. The fundamental assumption in the mathematics of the
analytical solutions of these models is that the depth is much greater than the radius, it is not
uncommon to see a 1 km geometry at less than 2 km depth. The realistic implication of interpreting
a body of magma at such a shallow depth would involve instantaneous eruption as the lithostatic
overpressure would not exceed decompression and buoyancy forces acting on the magma.
7.3 GPS data
Six continuous and 38 campaign GPS stations have been installed on Umnak Island since
2002 [Table 7.2 and Fig. 7.3]. All of these sites have been installed in the area of Okmok Volcano,
but have not necessarily been operating concurrently. These GPS stations measure surface
displacements produced by a variety of geologic and geophysical processes such as hydrologic
loading, tectonic motion, and volcanic activity. For this reason, it is important to consider the
processes affecting each station in order to isolate the signal of interest, co-eruptive displacement.
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Table 7.2. GPS stations on Umnak Island. Stations used in this study are in bold and continuous
sites are indicated with an asterisk. Start date is the first day of data collection and end date is the
last day of data collection, as of 11 July 2019. Number of observations are the number of days
between the start date and the end date that have a measurement of position.

Station ID
AB02*
BLO1
BRCT
FTGL
FTGR
HAG
HUB1
KDI2
KETL
NWFT
OK13
OK21
OK22
OK23
OK24
OK25
OK26
OK27
OK28
OK29
OK30
OK31
OK32
OK33
OK34
OK35
OK36
OK37
OK39
OKCD*
OKCE*
OKFG*
OKNC*
OKSO*
ROWD
SHIP
TIMS
UNAL
WWFT

Latitude
Longitude Elevation Start Date End Date Number of
(dec. deg. N) (dec. deg. E) (m asl) (dec. year) (dec. year) Observations
52.97060565
53.39762518
53.34424035
53.38434279
53.38469162
53.48834849
53.37480712
53.51371194
53.28858523
53.43650089
53.45157332
53.46464826
53.5061217
53.45591345
53.43265882
53.37454515
53.36565268
53.42507087
53.42261088
53.42755989
53.49042017
53.46871048
53.43673524
53.42662665
53.56462242
53.46118445
53.38927196
53.492073
53.35958705
53.42943668
53.42616417
53.4107083
53.45608595
53.35646195
52.97066532
53.37317374
53.39496194
53.34380686
53.39501795

191.1453297
191.5968709
192.0499415
192.0918607
192.0911626
191.6969088
192.0694727
192.1722063
191.871592
192.0495424
191.8342748
192.1271315
191.9748967
191.8744246
191.865108
191.6779028
191.8228049
191.8409548
191.8898938
191.7354194
192.020219
191.9095902
191.9169617
191.9612768
191.914795
191.8094216
191.8774552
191.8839917
191.9320482
191.8855167
191.8338478
192.0884459
191.8743661
191.8379538
191.1453267
192.1695475
192.1589091
192.2451532
191.9810457

192.7958
30.6152
21.4966
53.9421
56.5592
21.41
144.7955
165.505
142.4947
322.4089
498.5057
420.5385
231.53
412.4328
397.7316
225.349
589.1801
457.0391
462.7323
447.4801
259.13
371.1053
410.7961
733.3653
24.5353
950.7926
725.9477
631.3024
542.9973
466.4295
529.8467
212.024
414.039
471.3548
191.302
78.3456
18.6944
201.4848
533.1677
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2007.3918
2001.5973
2001.5808
2000.5589
2003.5836
2001.6
2001.6055
2001.5863
2001.5836
2001.5808
2001.6082
2000.5671
2000.5644
2000.5671
2000.5671
2000.5699
2000.5726
2000.5753
2000.5753
2000.5836
2000.5671
2000.5671
2000.5671
2000.5671
2000.5699
2000.5699
2000.5726
2000.5753
2000.5808
2002.5781
2002.589
2002.5479
2010.5644
2004.674
2002.4685
2001.6
2002.5288
2000.5781
2001.5973

2019.6658
2010.5041
2010.5041
2010.5205
2003.5836
2010.5178
2010.5397
2010.5151
2010.5123
2010.5068
2010.5151
2010.5096
2010.5096
2010.5644
2005.5233
2010.5041
2010.5452
2003.5945
2003.5918
2010.5288
2010.5068
2010.5123
2005.5397
2010.5233
2010.5096
2002.5836
2010.5315
2010.5342
2010.5096
2007.2932
2019.6658
2019.6658
2019.6658
2019.6658
2007.4685
2010.5068
2010.5699
2010.5068
2010.5068

4221
14
17
109
1
8
16
12
23
16
215
12
11
28
38
9
24
9
14
11
11
159
14
14
10
6
31
147
11
1203
5175
5786
3142
4520
15
7
19
15
12

Figure 7.3. Map of all the GPS stations ever established on Okmok Volcano. Purple squares are
continuous sites and yellow squares are campaign sites.

Daily position measurements for each site are processed following methods described in
DeGrandpre and Freymueller [2019]. In order to calculate co-eruptive displacement, there must
be measurements made prior to, and following the 2008 eruption. For instance, the continuous
station OKCD was destroyed in the eruption, so data at that site is limited to 2003-2007 and it
cannot be used to estimate co-eruptive displacement [Figs. 7.3 - 7.5]. This restriction limits useable
GPS stations to a total of 10, with three continuous datasets and seven campaign stations [Fig. 7.5].
370

Fortunately, these stations provide coverage within the caldera and on the eastern and southern
flanks of the volcano. This small network is capable of measuring both shallow deformation within
the crater, and longer wavelength deformation signal due to a deeper source thanks to the presence
of GPS stations on the flank.
Co-eruptive displacement is easily noted in GPS data as a sudden offset [Fig. 7.6]. Ideally
this offset could be measured by simply subtracting the position of the GPS station in mid-August
from its position on 12 July 2008. This is achievable with continuous GPS data, where the
receiver’s position is measured every 30 seconds and processed to daily estimates, as long as there
are no instrument or power malfunctions. Campaign GPS measurements, however, are more
sporadic, as they involve repeat benchmark occupation when the opportunity to conduct a field
survey allows. Often, these measurements are in annual or semi-annual clusters of data with less
than a week of measurements each year. For this reason, many of the campaign sites at Okmok
had not been surveyed in 2008, or even 2007 [Table 7.3]. The measurements may not have been
immediately prior to or following the 2008 eruption, so models that estimate the location of that
site on 12 July 2008 and at the termination of the eruption are needed. This model will need to
account for tectonic motion, seasonal variation, and any long-period inflation or deflation of the
volcano itself.
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Figure 7.4. Location map of Okmok GPS stations. Black squares indicate sites that did not have
enough data to calculate displacement or velocity, blue squares are sites that only have data prior
to the eruption, green squares are sites that only have data from after the eruption, and red squares
are sites that have data prior to and following the 2008 eruption and are used in this study.
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Figure 7.5. GPS sites used in this study. Purple squares are continuous sites and yellow squares
are campaign sites. The 2008 eruption cone (Ahmanilix) is indicated with a red triangle. Figure
7.6 shows vertical daily position for sites OKCE and OKFG outlined here in white circles.
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Figure 7.6. Vertical displacement time series of daily positions for GPS stations OKCE and OKFG
[Fig. 7.5, circled in white] after tectonic and long-period deformation corrections have been made.
Offset and associated estimates from the 2008 eruption are indicated with green bars.
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OKCE
OKFG
OKSO
BRCT
FTGL
KETL
NWFT
OK13
OK31
OK37

2005.5260
2005.5342
2005.5123
2004.6466
2005.5342
2005.5233
2005.5096

2008.2055 - 2008.3562 (8 daily observations)
2008.2110 - 2008.5260 (112 daily observations)
2008.2110 - 2008.5260 (75 daily observations)
2005.5288 2005.5315 2005.5342
----2005.5370 2005.5390
--------2005.5151 2005.5178 2005.5205 2005.5233
2004.6493 2004.6521 2004.6548
----2005.5370 2005.5397 2005.5425
----2005.5260 2005.5288 2005.5315
----2005.5123
-------------

Available Data Prior to 12 July 2008 (dec. year)

-----------------------------

-----------------------------

2008.6986
2008.6521
2008.6521
2008.7068
2008.6932
2008.6932
2008.6932
2008.7014
2008.7096
2008.6986

2008.7014
2008.6548
2008.6548
2008.7096
2008.6959
2008.6959
2008.6959
2008.7041
2008.7123
2008.7014

2008.7041
2008.6575
2008.6575
----2008.6986
2008.6986
2008.6986
2008.7068
2008.7151
2008.7041

2008.7068
2008.6603
2008.6603
----2008.7014
2008.7014
2008.7014
2008.7096
2008.7178
2008.7068

2008.7096
2008.6630
2008.6630
------------2008.7041
2008.7123
2008.7205
2008.7096

2008.7123
2008.6658
2008.6658
----------------2008.7151
2008.7233
2008.7123

Available Data Following 1 September 2008 (dec. year)
2008.7151
2008.6685
2008.6685
----------------2008.7178
2008.7260
2008.7151

0.3617
0.2356
0.2685
3.1836
3.1672
3.1891
4.0575
3.1836
3.2027
6.2055

Time
(dec. year)

Table 7.3. Available data prior to and following the 2008 eruption at Okmok Volcano for each of the ten GPS sites. When more than
seven data points (days) are available, only the seven days adjacent to the onset and termination dates are used.

7.4 Calculating co-eruptive displacement
Initially dates are selected at each station that are as close to 12 July 2008 (2008.5273) and
15 August 2008 (2008.6202), the onset and termination of the 2008 eruption. For continuous sites,
seven data points (days) prior to the 12 July 2008 and immediately following 15 August 2008 were
averaged, and the pre-eruption position was subtracted from the post-eruption position for each
component of the displacement (East, North, and Vertical) [Fig. 7.7 and Tables 7.3 and 7.4]. Offset
for campaign GPS data was calculated the same way, but due to data availability, it was not
possible to average as many as seven days of position measurements. The timing of those
measurements is also often not immediately surrounding the 2008 eruption event, which is further
discussed in section 7.5.2. These initial estimates of displacement (disp1) represent motion during
different amounts of time and each contains signals from processes that are not solely due to the
2008 eruption of Okmok. As an additional measure, displacement at each station is calculated
relative to both the International Terrestrial Reference Frame (ITRF), which represents the
geocenter, as well as stable North America (NOAM). This provides additional measure to evaluate
the method as the reference frame should not matter if volcanic displacement is properly isolated
from the overall signal.
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Table 7.4. Three component displacement (East, North, and vertical) for the 10 GPS stations at
Okmok Volcano. The values for the NOAM dataset are plotted in map view in Figure 7.7.
Variation in the difference between reference frames for each component is related to the length
of time that each measurement represents [Table. 7.3].

Original Offset
(disp1)

Station ID
BRCT
FTGL
KETL
NWFT
OK13
OK31
OK37
OKCE
OKFG
OKSO

East (mm)
NOAM
-90
-99
-24
-192
813
-349
-103
1729
-119
56

North (mm)
Vertical (mm)
ITRF Difference NOAM ITRF Difference NOAM ITRF Difference
-99
9
46
-21
67
-16
-13
-3
-107
9
27
-39
66
-16
-13
-3
-33
9
72
5
67
-16
-13
-3
-203
11
-19
-104
85
-40
-36
-4
804
9
-940 -1007
67
-1132 -1129
-3
-357
9
-416
-483
67
-421
-419
-3
-120
17
-345
-475
130
-206
-201
-6
1728
1
-94
-102
8
-2072 -2071
0
-120
1
-2
-7
5
-55
-54
0
56
1
281
276
6
-153
-153
0

377

Figure 7.7. Co-eruptive displacement for the 2008 eruption of Okmok Volcano, referred to as
(disp1). Note the different velocity scales for GPS sites in the caldera and GPS sites on the southern
and southeastern flanks, this convention continues for subsequent figures.

7.3.1 Tectonic adjustment
The Aleutian arc is formed by active subduction of the Pacific Plate to the northwest
beneath a complicated set of small tectonic plates previously referred to as the Bering Plate [Cross
and Freymueller, 2008; DeGrandpre and Freymueller, 2019]. Recently, a tectonic block model
revealed that the Bering Plate is actually composed of a system of east-west trending micro blocks
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identified as the Bering Straight, Kuskokwim, Naknek, and Peninsula Plates [Elliott and
Freymueller, 2020]. In order to isolate the volcanic deformation from the overall GPS signal, the
tectonic motion must be estimated and taken into account. Due to oblique convergence angles and
the presence of these micro plates, there is no estimate of tectonic motion that applies across the
Aleutians and common practice is to use a local continuous GPS site that is distant from the
volcano and should therefore measure only the tectonic component. AB02, located on the
southwestern tip of Umnak Island in the village of Nikolski is ~75 km from Okmok’s caldera and
can be considered sufficiently distant so that it is unaffected by volcanic deformation. For each
displacement component at AB02, all the available data is used in the Alaska tectonic velocity
model developed by Dr. Jeffrey Freymueller to strip outliers, estimate and remove any seasonal
signal, and account for post-seismic relaxation [DeGrandpre and Freymueller, 2019]. Once the
noise and short wavelength signals are removed these daily positions are assumed to be influenced
only by local tectonic motion. The estimate for tectonic motion of Umnak Island at AB02 is
calculated to be -5.7 mm/year East, -1.3 mm/yr North, and 0.3 mm/yr vertical motion relative to
NOAM and -8.1 mm/yr East, -22.3 mm/yr North, and 1.2 mm/yr vertical relative to ITRF. These
velocities are then converted into displacement for each GPS station through multiplication with
the time over which the original offset (disp1) is calculated [Table 7.3]. This produced individual
estimates of tectonic motion [Fig. 7.8, top] for each site that were then removed from the original
offset calculations (disp1), resulting in displacement estimates for the 2008 eruption at Okmok
Volcano that have been corrected for local tectonic motion (disp2) [Fig.7.8, bottom and Table 7.5].
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Figure 7.8. Tectonic signal removed at each GPS site (top) and the resulting adjusted 2008 eruption
offset (disp2) when that signal is removed (bottom). The tectonic signal is calculated using the
velocity of site AB02 on the southwestern corner of the island multiplied by the amount of time
represented by each raw offset calculation [Table 7.3] and then subtracted from the initial offset
(disp1) calculation [Fig. 7.7]. The difference in magnitude for the tectonic estimates at each site
(top) are due to variations in the time represented by the offset measurements. Note the change in
scale between vertical and horizontal.
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Table 7.5. Three component displacement (East, North, and vertical) for the 10 GPS stations at
Okmok Volcano after a correction for local tectonic motion has been applied. The values for the
NOAM dataset are plotted in map view in Figure 7.8. Variation in the difference between reference
frames for each station is related to the length of time that each measurement represents [Table.
7.3].

Tectonic Corrected Offset
(disp2)

Station ID
BRCT
FTGL
KETL
NWFT
OK13
OK31
OK37
OKCE
OKFG
OKSO

East (mm)

North (mm)
Vertical (mm)
NOAM ITRF Difference NOAM ITRF Difference NOAM ITRF Difference
-72
-80
9
50
-17
67
-17
-14
-3
-80
-89
9
31
-35
66
-17
-14
-3
-6
-14
9
76
9
67
-17
-14
-3
-168
-179
11
-14
-99
85
-41
-38
-4
831
822
9
-936 -1003
67
-1133 -1130
-3
-331
-339
9
-412
-479
67
-422
-419
-3
-68
-85
17
-337
-467
130
-208
-202
-6
1731 1730
1
-94
-101
8
-2072 -2072
0
-118
-119
1
-2
-7
5
-55
-54
0
58
57
1
281
276
6
-153
-153
0

7.4.2 Long-term deformation adjustment
The final adjustment is to account for the different lengths of time that each measurement
represents. This is referred to here as the long-term deformation adjustment because it is a result
of ongoing inflation or deflation that was occurring at Okmok Volcano prior to and following the
eruption. In the absence of position measurements for 12 July 2008 and 15 August 2008 a model
was constructed by calculating the long-term velocity using the same methods that were used to
estimate tectonic velocity. For instance, at station OK31, the last measurements before the 2008
eruption occurred in 2005 [Table 7.3], so a velocity for all data prior to 2008 is estimated. This
velocity would then be converted into displacement by multiplying it with the amount of time
between 12 July 2008 and the last measurement in 2005. This deficit displacement is then added
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to the average position of the last available measurements that have already had the local tectonic
motion removed, in the case of OK31, the four measurements in 2005 [Tables 7.3 and 7.6]. By
doing so, this projects the position of station OK31 through time to 12 July 2008. If necessary, this
can be repeated for data following the eruption and then the offset is calculated by subtracting the
projected pre-eruption position from the back projected post-eruption position (disp3) [Fig. 7.9
and Table 7.6].

Table 7.6. Three component displacement (East, North, and vertical) for the 10 GPS stations at
Okmok Volcano after a correction for local tectonic motion and long-term deformation has been
removed. The values for the NOAM dataset are plotted in map view in Figure 7.9. Note that unlike
Tables 7.4 and 7.5, there is no longer a difference between reference frames in the East and vertical
components, and only a slight difference in the North component, most likely a rounding artifact.

Tectonic & Long-period
Signal Corrected Offset
(disp3)

Station ID
BRCT
FTGL
KETL
NWFT
OK13
OK31
OK37
OKCE
OKFG
OKSO

East (mm)

North (mm)
Vertical (mm)
NOAM ITRF Difference NOAM ITRF Difference NOAM ITRF Difference
-66
-66
0
57
58
0
-23
-23
0
-77
-77
0
33
34
-1
-14
-14
0
7
7
0
85
85
0
-22
-22
0
-181
-181
0
-9
-8
-1
-60
-60
0
1020 1020
0
-1069 -1069
0
-1312 -1312
0
-356
-356
0
-466
-466
0
-469
-469
0
-17
-17
0
-422
-422
0
-200
-199
0
1738 1738
0
-94
-93
-1
-2078 -2078
0
-117
-118
0
-2
-3
1
-55
-55
0
60
60
0
282
283
-1
-154
-154
0
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Figure 7.9. Long-term signal removed at each GPS site (top) and the 2008 eruption offset that has
had the local tectonic motion removed and has been adjusted for long-term deformation when
necessary (bottom). The differences in magnitude of the long-term adjustments are due to
variations in the time between prior- and post- eruption measurements.
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7.6 Bayesian estimation of analytic deformation source model
The Geodetic Bayesian Inversion Software V1.1 (GBIS) is used to evaluate the posterior
probability distribution for eight different deformation source model geometries using a
Metropolis-Hastings algorithm to apply Markov-chain Monte Carlo sampling to test one million
simulations for each GPS dataset [Bagnardi and Hooper, 2018; Battaglia et al., 2013; Hastings,
1970; Mosegaard and Tarantola, 1995].
Mogi, Yang, Fialko, and McTigue models were tested to investigate whether previously
published models remain valid for co-eruptive deformation. For this reason, even though the
practice violates the main assumptions of these models, coupled models with two Mogi point
sources, two Yang spheroids, two Fialko penny shaped sills, and two McTigue spherical cavities
were also tested. The 2008 co-eruptive offset, corrected for local tectonic motion and long-period
displacement (disp3) is modeled for the five GPS sites with large signals within and on the edge
of the caldera (OKCE, OKSO, OK13, OK31, OK37) and the five sites on the flank of the volcano
(KETL, BRCT, NWFT, OKFG, and FTGL) as two separate datasets. A third dataset of all 10 sites
on Okmok was also tested. This was designed to test whether the caldera sites with the larger
signals were sensitive to a shallow source and the flank sites sensitive to a separate deeper source.
If that were the case, then the large signal from the shallow source would overwhelm the subtle
signal of a deeper deformation source.
At each GPS site all three components are used, so the caldera and flank datasets both
contained a total of 15 data points, while the dataset with all of the GPS sites provides 30 data
points to constrain the models. Each model has a different set of parameters with user defined input
bounds, including the location, depth, and pressure/volume change of the source. Additional
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details regarding the geodetic Bayesian inversion input model parameters and bounds can be found
in Appendix A.
7.7 Results
The best fit deformation source model is a prolate spheroid located beneath the center of
the caldera at a depth of 2.8 km, dipping 24° E below horizontal, striking 108° to the east with a
major axis of 900 m and only slight eccentricity, with an aspect ratio of 0.7. The change in pressure
divided by the shear modulus is -.0049, so if we assume a shear modulus of 1GPa, the pressure
change is -4.9 MPa, which is much less than lithostatic pressure at this depth.
These estimated parameters are well within the range of the previously published geodetic
models. While the results are not providing any new information regarding estimates from analytic
deformation source models, they do verify that the calculations for co-eruptive offset presented
here are robust, and result in deformation source model parameters similar to those obtained with
previous, different approaches (e.g. inversions, filters, or hindcasts of geodetic timeseries data)
[Albright et al., 2020; Biggs et al., 2010; Xue et al., 2019].
This model was constrained using only GPS data from within the caldera [Fig. 7.10,
locations with blue and green arrows]. If this best fit model is used to predict displacements at the
locations of the GPS stations on the flanks of the volcano [Fig. 7.10, locations with purple and
yellow arrows] we find that it is also an approximately good fit to those locations as well [Fig.
7.11], but an interesting southwest trend in the residuals is revealed.
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Figure 7.10. Forward model of the 2008 co-eruptive displacement, from the best fit Yang spheroid
estimated with GBIS [Table 7.7]. These GPS sites on the southeastern flank of Okmok Volcano
were not used to constrain the model during the Bayesian inversion. Horizontal motion is in blue
and yellow and vertical motion is in green and purple for the large and small scales, respectively.
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Figure 7.11. Residual motion for all 10 GPS sites used in this study, calculated by subtracting the
best fit GBIS Yang spheroid model predictions from the 2008 co-eruptive offset corrected for
tectonic motional and long-term signals [Fig. 7.9].

7.8 Discussion
7.8.1 Deformation source models at Okmok Volcano
Our modeling results indicate that a deformation model constrained from the five sites
within the caldera predicts most of the displacement at other flank sites. This supports previous
models that have described the deformation source at Okmok volcano as one spherical or prolate
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spheroid centered under the caldera. While differential reinflation rates after the eruption have
been interpreted to be the product of multiple sources, by investigating the co-eruptive
displacement we have provided an estimate for the magma storage chamber that was activated
during the 2008 eruption. The temporal evolution of the reinflation that occurred after the eruption
could result from processes in the volcanic plumbing system or viscoelastic relaxation of the crust
surrounding the magma chamber.
This model is performed under the assumption of elastic deformation and doing so is not
invalid because by isolating the co-eruptive deformation we presume instantaneous offset. To
make this assumption when analyzing displacement timeseries would not be appropriate, as the
warmer crust surrounding an active volcanic system does not behave elastically on longer time
scales [Head et al., 2019a, 2019b]. For this reason the magmatic plumbing system at Okmok
Volcano is interpreted here to be that of a prolate spheroid at a depth of ~2.8 km bsl, but further
study into the viscoelastic relaxtion of the surrounding crust after a significant eruption such as the
2008 phreatomagmatic eruption should provide additional insight into the complicated
displacement signals recorded in the caldera and on the flanks of the volcano following this
eruption.
7.8.2 Effect of the reference frame
If the eruption offset is accurately estimated, the reference frame used to define these
measurements should not affect the reseults. Displacements relative to NOAM and ITRF were
tested throughout this study in an effort to analyze how effective this method is for calculating coeruptive deformation in the absence of data leading up to the eruption time, in this case, the
beginning of the 2008 eruption at Okmok Volcano on 12 July 2008. From Tables 7.4 and 7.5 it is
clear that initially, when calculating the original offset and then removing the local tectonic
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contribution to this offset, there is still a discrepancy between the NOAM and ITRF relative
measurements. However, by estimating and removing a long-period deformation signal individual
to each GPS site, the difference between offset predictions relative to each reference frame goes
to zero for the East, vertical, and majority of North components. This indicates that this longperiod deformation adjustment is adequate for projecting GPS station locations to the date(s) of
interest.
7.8.3 Polynomial regression testing
The long-period deformation trend that is estimated and used to project the station position
to the associated eruption dates (disp3) is a simple linear regression of available pre- or posteruption data. This assumes that any additional volcanic activity that produced surface deformation
is both linear and non-reversible. Concern that this oversimplified complex signals frequently
measured in geodetic observations of volcanic environments was explored by additionally
calculating polynomial regressions for each component at each GPS station. Second to ninth order
polynomials were statistically compared, but failed to provide a better fit than a simple linear
regression.
7.8.4 Tectonic partitioning at Umnak Island
While the residual signal is small at GPS sites on the flank of Okmok Volcano [Fig. 7.11],
the spatial pattern is consistent and similar for all stations. All of the GPS signal within the caldera
is well fit by the best fit Yang spheroid model estimated using the GBIS algorithm (with the
exception of OK13, due to be noisy data). This indicates that one deformation source can explain
the co-eruptive displacement signal calculated here.
The dominant westward motion in the horizontal displacement residuals of the GPS sites
on the southeastern flank of Okmok, however, appear to be an additional tectonic signal of ~1-2
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cm that was not previously taken into account. The magnitude and direction are similar to the
tectonic motion estimated using AB02 time series to calculate the local velocity. The magnitude
varies slightly between the different stations due to the differing time resolution of their
measurements. This is why a tectonic signal is observed when the data should only represent the
five week eruption, the longer time between measurements is contaminated by a general trend
between all sites with more than five weeks of data. None of the stations within the caldera exhibit
this signal, therefore it is interpreted as evidence for a small tectonic sliver on the southern half of
Umnak Island, that trends to the northeast.
A small microblock of this scale is not unheard of as clockwise rotating microblocks have
previously been identified in the western Aleutians [Fig. 7.12; Geist et al., 1988]. A northeastsouthwest trending fault actually makes sense in this location for a few reasons. This trend actually
follows the general shape of the island, a different trend from its neighboring islands. This is also
the trend along which the volcanoes of Rechesnoi, Okmok, and Bogoslof are positioned. From
southwest to northeast they decrease in age, but increase in eruption activity, mafic content, and
distance from the trench. Finally, seismic activity, particularly prior to eruptions from Okmok,
initiates to the southwest in the vicinity of Rechesnoi and then migrates to the northeast towards
Okmok, indicating a linear feature that transfers stress through the crust is positioned to the
northeast, which could indicate the presence of a fault structure. The existence of a fault in the
space would not be a surprise. The strike angle of 108°E also aligns with the Peninsula block that
was recently modeled along the Aleutian trench [Fig. 7.13] mapped by Elliott et al., [2020].
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Figure 7.12. Map of the bathymetry, significant fault and fracture zones, depressions and basins, seismic survey lines, and micro
tectonic blocks in the central and western Aleutian Arc. Contour interval is 800 m, convergence vectors are indicated with velocity,
dashed lines are the inferred extend of the North American Plate, now interpreted to be the Bering Plate. Tectonic block motion
(A-E) is indicated by the direction of fault slip along each boundary. Blocks are defined to be the Near block (A), Buldir block (B),
Rat block (C), Delarof block (D), and Andreanof block (E). Okmok Volcano is indicated with a yellow star. Modified from Geist
et al. [1988].

32 8
Geist et al.: Block Rotation of an Arc Massif
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Figure 7.13. Map of the preferred tectonic block model created from GPS data across all of Alaska.
Okmok is indicated with a yellow star on the southern edge of the map. The trend of the residuals
from the best fit GBIS model [Fig. 7.11] align with the outline of the Peninsula block. Modified
from
et al.
[2020].
Figure
7. Elliott
Blocks
used
in the model. Dashed lines are creeping boundaries in the model.

BDZ is the Bering Deformation Zone.

7.9 Conclusions
A new, yet simple approach to calculating co-eruptive offset in volcanic environments
while using both campaign and continuous GPS data with different temporal measurements is
presented. This method is performed on displacement measurements that are relative to NOAM as

392

well as ITRF which ultimately produce the same estimates for volcanic deformation once the
additional tectonic and long-period displacement signals are removed.
This work originally intended to investigate differences in modelling results between the
GBIS program [Bagnardi and Hooper, 2018] and other public codes for common geometries used
in analytic deformation source models. The best fit GBIS model reproduced deformation source
model parameter estimates published in previous GPS studies involving volcanic deformation at
Okmok. Many models have been tested and compared in GBIS, but after calculating the residuals
and mapping them an interesting signal was revealed.
Evidence for a northeast trending linear fault is apparent in the residual signal of GPS
stations installed on the southeastern half of the island. This previously unmapped fault would
provide a mechanism for stress and magma migration from the area of the inactive, trench ward
volcano Rechesnoi to the northeast towards Okmok, and potentially continuing on to Bogoslof
Volcano. This feature is aligned with the trend of the Peninsula Plate, part of a recently published
tectonic block model for the state of Alaska [Elliott et al., 2020]. Further investigation into
earthquake focal mechanisms and relative offsets measured in seismic signals at GPS stations that
cross this area could prove valuable for identifying not only a potential hazard, but mapping
differential stress in an oblique subduction zone, microsplintering of tectonic plates on a scale not
generally observed, or the probably magmatic pathway along a referential zone of weakness.
Analytic and numerical volcanic deformation source models that are constrained from
geodetic data sets are often focused on mapping the volcanic plumbing system and its dynamics,
but this work highlights the importance of considering the tectonic contribution to displacement
signals, especially if time series data is going to be utilized.
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Figure 7.14. Map of Unmak Island. The white arrow indicates the direction of increasing calcalkalinity, decreasing activity, and increasing age that trends from Bogoslof, to Okmok, to
Rechesnoi. Red dashed lines are plotted on linear bathymetric features that form a volcanic terrace
on top of the Aleutian forearc. The yellow dotted line is the location of a fault mapped from
differential GPS motion in this chapter. The locations of campaign and continuous GPS sites
available for Umnak Island are also labeled (purple and blue circles, respectively).
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APPENDIX A

The following is an example input file for one of the GBIS models. It contains the GPS
data file location, weighting scheme, and the input parameters for all tested geometries.

%
=====================================================================
====
% Geodetic Bayesian Inversion Software (GBIS)
% Software for the Bayesian inversion of geodetic data.
% Copyright: Marco Bagnardi, 2018
%
% Email: gbis.software@gmail.com
%
% Reference:
% Bagnardi M. & Hooper A, (2018).
% Inversion of surface deformation data for rapid estimates of source
% parameters and uncertainties: A Bayesian approach. Geochemistry,
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% Geophysics, Geosystems, 19. https://doi.org/10.1029/2018GC007585
%
%
=====================================================================
====
% Last update: 8 August, 2018

% INPUT FILE

%% Reference point and Area of interest (big)
geo.referencePoint = [-169.0; 52.9]; % Longitude and Latitude in degrees for arbitrary reference
point of local coordinates system [Lon; Lat;]
geo.boundingBox = [-169.1; 54; -167; 52.6;]; % Coordinates in degrees of upper left and lower
right limits of area of interest [UL_Lon,UL_Lat,LR_Lon,LR_Lat]

%% GPS data

gps.dataPath = '../../gps/2008_coerupt_data3_ITRF/off2_rawtec/gbis2008_off2_rawtec_big.txt';
% Path to GPS data file
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gps.weight = 1; % Weight of GPS data vs. InSAR data in inversion (e.g., 10/1)

%% Model parameters

modelInput.nu = 0.25;

% Poisson's ratio (Shear modulus is set to 1)

% Mogi 'M'
%

X

Y

modelInput.mogi.start = [

Z
0;

DV

0;

modelInput.mogi.step = [ 50; 50;

3000; -1e6; ];
100; 1e05; ];

% starting model
% initial maximium step size

modelInput.mogi.lower = [-200000; -200000; 100; -1e9; ];
modelInput.mogi.upper = [ 200000; 200000; 20000; -1e2; ];

% lower bounds on m
% upper bounds on m

% McTigue 'T'
%

X

Y

modelInput.mctigue.start = [

Z
0;

R

DP/mu

0; 3000; 1000; -1e-03; ]; % starting model

modelInput.mctigue.step = [ 100; 100; 50;

0; 1e-04; ]; % initial maximium step size

modelInput.mctigue.lower = [-200000; -200000; 100; 100; -1e6; ]; % lower bounds on m
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modelInput.mctigue.upper = [ 200000; 200000; 10000; 10000; 1e2; ]; % upper bounds on m

% Penny-shaped crack 'P'
%

X

Y

modelInput.penny.start = [

Z
0;

R DP/mu
0; 4000; 1000; -1e-03; ]; % starting model

modelInput.penny.step = [ 100; 100; 50; 100; 1e-04; ]; % initial maximium step size
modelInput.penny.lower = [-200000; -200000; 100; 100; -1e6; ]; % lower bounds on m
modelInput.penny.upper = [ 200000; 200000; 200000; 10000; 1e2; ]; % upper bounds on m

% Yang 'Y'
%

X

modelInput.yang.start = [

Y

Z
0;

modelInput.yang.step = [ 100;

a

a/b Str

Pln

DP/mu

0; 4000; 500; 0.5; 270; -89.9; -1e-03;]; % starting model
100;

50;

50;

.01; 1;

1; 1e-04;];

% initial maximium

step size
modelInput.yang.lower = [-200000; -200000; 1000;

1; 0.01; 1; -89.9; -1e6;];

% lower

bounds on m
modelInput.yang.upper = [ 200000; 200000; 200000; 20000; 0.99; 359; -0.1; 1e2;]; % upper
bounds on m
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CHAPTER 8
MULTIPHYSICAL, FINITE ELEMENT, NUMERICAL MODEL OF THE 2008 OKMOK
ERUPTION CONSTRUCTED FROM GEODETIC, SEISMIC, AND PETROLOGIC DATA

8.1 Introduction
Okmok Volcano has proven to produce both effusive and explosive eruptions. Historic
effusive eruptions have been contained within the main caldera, with no associated loss of life.
Explosive historic eruptions have proven to impact both local and global economies. While the
population of Umnak Island is restricted to only a few residents and visitors of the local cattle
ranch, large eruption plumes, like the one that occurred throughout 2008, interrupted both
passenger and cargo global air traffic [Begét et al., 2005; Unema et al., 2016; Fig 8.1].
Immediately following the 2008 eruption the magma chamber at Okmok began to recharge
and for the past 12 years the volcanic edifice has deformed in a series of cyclic patterns that include
short wavelength uplift and subsidence with an overall trend of increasing inflation rates [Qu et
al., 2015; Xue et al., 2020]. This pattern is similar to that observed during the 1997-2008 intereruption period that preceded the 2008 eruption [Biggs et al., 2010; Fournier et al., 2009; Lu et al.,
2010]. The threat of eruption continues to increase as steady inflation indicates that magmatic
pressures are accumulating in the shallow crust. The focus of recent modeling applications to
Okmok Volcano have focused on using geodetic time series in numerical finite element models to
investigate the stress and/or pressure evolution of the volcanic plumbing system while attempting
to quantify the critical overpressure expected to produce the next eruption. The complicated
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displacement signals within the caldera indicate that both chemical and physical mechanisms are
likely occurring on a variety of temporal and spatial scales to produce the measured surface
deformation. Integrating multi-disciplinary datasets for the construction of a three-dimensional,
finite element, multiphysical, numerical model has yet to be explored, but is a requirement in order
to precisely characterize the geologic and geophysical dynamics producing the measured
observations. Such comprehensive models such as this will be essential for future efforts to
mitigate volcanic hazards by forecasting eruption parameters and effects.
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Figure 11. Selected representative flight paths of commercial freight and passenger airlines cross-

Figure 8.1. Location of Okmok Volcano, on Umnak Island, Alaska. Exemplary flight paths for a
selection of commercial and passenger airlines crossing the Aleutian arc are indicated in light blue
lines. Potential range of ash fall is indicated with a red circle, but this is dependent on weather
conditions at the time of eruption. Prevailing winds in the Aleutians are from the west, and the
most likely ash deposits will accumulate in the yellow shaded region. Modified from Begét et al.
[2005].
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Mass and heat flux from depth to the shallow crust beneath a volcanic edifice can produce
geodetic, thermal, volatile, and seismic signals that are often investigated as part of a time series
dataset. These are valuable measurements, but attempts to model and interpret such data at Okmok
Volcano have failed to characterize the volcanic plumbing system supporting observations made
across disciplines. Instead of using time series measurements from one discipline to investigate
the evolution of volcanic processes, I felt that instead, it is prudent to first create a model of one
finite moment using all available interdisciplinary data to comprehensively map the active
magmatic system at Okmok. With the successful definition of the instantaneous existence of
actively stored magmas, incorporation of time series data could then be applied to the system to
investigate the underlying mechanics. The 2008 phreatomagmatic eruption presents a unique
opportunity to investigate the volcanic plumbing system at Okmok Volcano because this violent
explosion produced large amounts of measured deformation, erupted material, and seismicity that
can be integrated to provide a multidisciplinary definition of the magmatic and crustal
environment.
8.2 Eruptive history
8.2.1 Holocene
Okmok volcano has been consistently active since before the Holocene era, but the earliest
dated deposits are from 12,000 – 8,000 ybp, when the first caldera forming eruption took place.
This rhyodacitic eruption formed the oldest known remnants of a caldera on Umnak Island, of
which two arcuate ridges remain to the northeast of the current caldera location. This voluminous
eruption produced 15–30 km3 of pyroclastic density current (PDC) and ash tuffs. Over the
following 8,000 years a series of over 60 eruptions produced numerous additional tephra, ash, and
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scoria deposits [Begét et al., 2005; Byers, 1959; Finney et al., 2008; Larsen et al., 2007; Miller and
Smith, 1976,1987].
These deposits are sometimes referred to as the Crater Creek formation with the most
recent of this being the Middle Scoria sequence. These eruptions are described as basaltic andesite
to andesitic, with a transition towards the top of the sequence to more explosive activity and higher
silica contents [Finney et al., 2008; Larsen et al., 2015; Wong and Larsen, 2010].
2,050 ybp a second caldera forming eruption occurred with an estimated eruption volume
similar to that of the first caldera eruption. This eruption formed the caldera we recognize today
with a diameter of ~10 km. The first stage of this eruption was from a northern vent where three
sequences of rhyodacite tephra fall are found to be tens of meters thick. The second stage of this
eruption was days-months later from an eastern vent that produced a basaltic andesite black scoria.
The most significant feature of this stage of the eruption is a PDC that is estimated to have been
~300 m high and to have crossed the straight and produced deposits and a tsunami on the
neighboring Unalaksa Island to the east. This is one of the only known occurrences of a PDC
crossing a body of water with lithic fragments still contained [Begét et al., 2005; Burgisser, 2005;
Byers, 1959; Finney et al., 2008; Larsen et al., 2007; Miller and Smith, 1976,1987].
Intermittent explosive/phreatic eruptions continued for another 1200 years, until the most
recent caldera forming eruption (800 ybp). This phreatic eruption through a caldera lake caused
catastrophic flooding that gouged a deep gorge and channels in the northeast rim of the caldera
that still function today as the main caldera drainage [Begét et al., 2005; Larsen et al., 2009; Neal
et al., 2009; Lu and Dzurisin, 2014].
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Throughout the 1800s a series of smaller explosive eruptions are punctuated by the
occasional effusive fissure eruption. These eruptions formed the craters and Cones A-J found
around the inner perimeter of the caldera. One notable phreatomagmatic eruption in 1817 produced
a PDC that destroyed the Aleut village at Cape Tanak on the northeastern coast of the island [Begét
et al., 2005; Hantke, 1951; Larsen et al., 2015; Simkin and Siebert, 2002; Wolfe, 2001].
8.2.2 Mid 1900s
These minor ash eruptions continued into the early 1900s until 1945 when a fissure at the
base of Cone A produced a blocky, basaltic andesite lava flow that extended 6.5 km to the east
with an estimated thickness of 30 m. During WWII Umnak Island was the location of a remote
army base and this eruption was witnessed by USGS and army personnel from 4 June – December
1945. Minor ash eruptions were observed accompanying this effusive eruption and the volume of
this flow has been estimated to be ~ 0.015 km3 [Begét et al, 2005; Byers et al., 1947; Grey, 2003;
Lu and Dzurisin, 2014; McGimsey and Wallace, 1999; Miller et al., 1998; Robinson, 1948; Simkin
and Siebert, 2002].
On 14 August 1958 a similar eruption occurred from a fissure at the base of Cone A
producing the largest known lava flow at Okmok Volcano. Blocky basaltic andesite ‘a’a lava
reached extents of almost 10 km across the caldera floor and created a dam across the Crater Creek
drainage. For 11 days minor ash eruptions and lava fountaining were reported accompanying this
flow. The thickness of the extruded lava was not uniform, but a maximum thickness of ~ 30 m and
total volume of ~ 0.09 km3 has been estimated [Begét et al, 2005; Grey, 2003; Lu and Dzurisin,
2014; McGimsey and Wallace, 1999; Miller et al., 1998; Reeder, 1984; Simkin and Siebert, 2002].
Cone A remained active from 1958 to 1986 with minor ash eruptions noted mostly by
locals and bush pilots en route between islands. On 18 November 1986 a minor eruption coincided
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with a shallow M6.6 earthquake that occurred 130 km south of Okmok. This eruption produced a
small PDC on the southern flank of Cone A, and intermittent ash eruptions were reported to
continue through 26 February 1988 [Begét et al, 2005; Grey, 2003; Lu and Dzurisin, 2014;
McGimsey and Wallace, 1999; Miller et al., 1998].
8.2.3 1997 eruption
On 13 February 1997 Cone A again erupted. There had been elevated seismicity, but no
real indicator an eruption was near. A low -level ash plume reached altitudes of ~ 10 km and two
lobes of blocky ‘a’a lava flowed ~6 km to the northeast, over the top of the 1958 deposit [Fig. 8.2].
Similar to the 1945 and 1958 eruptions, this lava was basaltic andesite and minor ash eruptions
and lava fountaining was observed in conjunction with the main flow until late April 1997. This
flow was again not estimated to be uniform in thickness but using InSAR and thermal imagery the
volume of extruded material is estimated to be 0.11 – 0.12 km3 [Begét et al., 2005; Dean et al.,
1998; Lu et al., 1998, 2000, 2003; Mann et al., 2002; Miller et al., 1998; Patrick et al., 2003; Simkin
and Siebert, 2002].
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Figure 8.2. Image of Okmok Volcano as seen from the International Space Station on 18 May
2001. Major eruptive cones and features are labeled. Note the lake and Cone D are in their pre2008 eruption configuration. Modified from Begét et al. [2005]. NASA image (#ISS002E6065)
courtesy of Earth Sciences and Image Analysis Laboratory NASA Johnson Space Center.

8.2.4 2008 eruption
During 2002-2003 and the summer of 2004, episodes of rapid inflation were noted at
Okmok Volcano [Bennington et al., 2015; Freymueller and Kaufman, 2010; Miyagi et al., 2004].
These inflationary events were distinctly episodic pulses, but they produced no surface expression
of an imminent eruption. Then on 12 July 2008 the last major eruption at Okmok volcano began
and continued to produce significant activity into mid-August of the same year. This eruption was
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a drastic change from the historic eruptive patterns and was first reported when the local cattle
ranchers called the US Coast Guard to inform them of a large eruption plume. The onset was so
abrupt that the seismic activity had only started 2 - 5 hours before and the USGS had not yet started
monitoring the elevation in activity. For five weeks ash and gas poured out of Cone D and formed
a new, 240 m tall cone next to it, subsequently named the Ahmanilix Cone [Larsen et al., 2009,
2013, 2015].
This eruption was a VEI 4 phreatomagmatic eruption that was andesitic to silicic in nature
[Larsen et al., 2009, 2013, 2015; Unema et al., 2016]. Explosion craters covered the northeastern
floor of the caldera and drained Cone D Lake that had formed when the 1958 lava flow dammed
it [Figs. 8.3 and 8.4]. Lahars followed the breach in the caldera rim that was formed 800 ybp and
again ran from the vent to the coast [Larsen et al., 2009, 2013, 2015; Unema et al., 2016]. Five
new eruptive vents were formed in alignment with Cone D and Ahmanilix [Larsen et al., 2009,
2013, 2015; Unema et al., 2016]. An eruption column extended up to 16 km and deposited tens of
meters of fine-grained ash and lapilli island wide, with ~20 cm lava bombs found surrounding the
newly formed cone [Larsen et al., 2009; Unema et al., 2016]. Total volume estimates associated
with this eruption range from 0.17 – 0.26 km3 [Larsen et al., 2009, 2013, 2015; Lu and Dzurisin,
2014; Unema et al., 2016]. For months after the eruption, the walls of Ahmanilix Cone glowed
from continued heating and the newly formed Cone D and E lakes were observed to be roiling and
discolored [Larsen et al., 2009, 2015].
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Figure 8.3. Map of Okmok caldera with distribution of ground water surface expressions before
and after the 2008 eruption. Modified from Larsen et al. [2015].
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Figure 8.4. Conceptual model of the 2008 phreatomagmatic eruption. Prior to eruption, the Cone
D Lake had formed when the 1958 ‘a’a flow impounded surface drainage (A) as it was emplaced
over the surficial saturated sediments. As the 2008 eruption began, vents formed through these
sediments and penetrated the 1958 flow. Ground water and material flowed through these vents,
removing substrate from underneath the 1958 flow and contributing to lateral movement of the
phreatic and phreatomagmatic eruption (B). The removal of material and groundwater from
underneath the fractured 1958 flow-initiated collapse and subsidence, resulting in down-dropped
terraces and scalloped headwalls (C). Modified from Larsen et al. [2015].
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8.2.5 Post 2008 eruption
Two, potentially three, deflation pulses were observed during the 2008 eruption within the
caldera [Freymueller and Kaufman, 2010]. After this 2-3 week period of subsidence, inflation
again resumed in the caldera. Continuous GPS measurements outside of the caldera, however,
continued to show signs of deflation. This has been interpreted as deflation of a deeper magma
storage region that was providing material to the shallower storage region where inflation was
resumed [Freymueller and Kaufman, 2010]. Since the 2008 eruption no ash or steam plumes have
been noted [Freymueller and Kaufman, 2010; Qu et al., 2015; Xue et al., 2020]. Two aseismic
periods of rapid and significant inflation have been identified in the fall of 2013 and 2014 using
GPS, InSAR, and seismic modeling [Bennington et al., 2015; Qu et al., 2015] and a recent study
of the surface deformation time series from 2008-2019 identified five consecutive inflation events
that are caused by magma volume flux totaling 50-60% of the volume of material that was erupted
in 2008 given source depths that average between 2-4 km bsl. The occasional, slight increase in
seismic activity alerts the USGS Alaska Volcano Observatory to elevate the status of the volcano
from green to yellow [Larsen et al., 2015]. Geodetic tools continue to detect ongoing inflation with
depth estimates similar to that of the 1997 and 2008 models and volumes approaching the
calculated extruded volume of these eruptions [Freymueller and Kaufman, 2010; Qu et al., 2015;
Xue et al., 2020]. For additional information regarding eruptive histories at Okmok Volcano please
see the attached spreadsheet (see digitally attached tables in okmok.xlsx).
8.3 Previous models
Geodetic, petrologic, and seismic models have all attempted to define the location,
geometry, and dynamics of the source governing magma storage at Okmok Volcano.
Unfortunately, inter-disciplinary models do not converge on a dominant interpretation of the
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Figure 8.5. Illustration of the relative depths estimated from a compilation of petrology, seismicity,
and geodetic models [Freymueller and Kaufman, 2010; Johnson et al., 2010; Larsen et al., 2013;
Lu and Dzurisin, 2010; Mann et al., 2002; Ohlendorf et al., 2014]. Modified from Larsen et al.
[2016].
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8.3.1 Geodetic models
Many studies have used various geodetic data to better analyze the surface deformation at
Okmok Volcano for the purpose of creating a deformation source model. GPS was not installed
on the island until 2000, so unfortunately the 1997 eruption dynamics were not observed. During
the 2008 eruption only two of the four continuous GPS stations were operating [Fig. 8.6]. Over 30
campaign GPS sites had, however, been installed island wide with variable occupations extending
from 2000 to the present. The sparse spatial and incomplete temporal coverage of the dataset
increase the uncertainties on model parameters estimated from GPS data. Mogi models [Mogi,
1958] were the only geometry used in GPS data inversions and three studies [Fournier et al., 2009;
Freymueller and Kaufman, 2010; Miyagi et al., 2004] fit centroid depths of 1.9 – 3.1 km below
sea level (bsl) under the center of the caldera.
There have fortunately been many more studies of surface deformation and source
modeling at Okmok volcano using InSAR techniques. Data from the TOPSAR, RADARSAT-1,
JERS-1, ERS-1, and ERS-2 satellites have been used to model the 1997 eruption [Fig. 8.7; Lu et
al., 1998, 2000, 2003, 2005; Lu and Dzurisin, 2014; Mann et al., 2002]. Again, all the data was fit
with a Mogi model [Mogi, 1958], with one test adding the Okada model [Mann et al., 2002; Okada,
1985] and one test involving the Yang model [Lu and Dzurisin, 2014; Yang, 1988]. The depth
estimates of the Mogi deformation sources ranged from 2.7 – 3.6 km bsl, the Okada model was a
shallow 1.8 km bsl, and the Yang model produced an estimate of a deeper 3.05 – 3.09 km bsl, all
beneath the center of the caldera. Volume estimates for these models range anywhere from 0.05 –
0.11 km3.
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Figure 8.6. Map of Okmok GPS sites. Stars are the locations of the four continuous GPS stations
and black dots are campaign benchmarks. Modified from Fournier et al. [2009].
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Figure 8.7. (a) Thickness of the 1997 lava flows derived from DEM differencing techniques before
and after emplacement [Lu et al., 2010]. (b) Interferogram of Okmok volcano showing syneruptive deflation during the 2008 eruption with inset magnification of the caldera floor [Lu and
Dzurisin, 2014]. Modified from Lu et al. [2010] and Lu and Dzurisin [2014], respectively.

InSAR provides an additional method for observing extruded material. Because images
had been acquired before and after the emplacement of the 1997 lava flow, DEM differencing was
used to estimate the volume of extruded material. This estimate (~0.15 km3) is up to three times
that of the deformation source volume estimates, but this could be an artifact of the incompressible
magma assumption that is employed when the Mogi model is used [Lu et al., 2003; Lu and
Dzurisin, 2014; Mogi, 1958]. To address this discrepancy the extruded volume estimate was
adjusted for vesicularity and the resulting volume estimate was reduced to 0.07 - 0.14 km3, which
is very similar to volumes estimated using deformation source models [Lu et al., 2003].
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The 2008 eruption has been studied using data from Envisat, ERS-1, ERS-2, RADARSAT1, ALOS, PALSAR, and TerraSAR-X satellites [Lu and Dzurisin, 2010, 2014; Qu et al., 2015].
These images have been used in a variety of SAR processing techniques involving PSInSAR, MAI,
and SBAS time series. Mogi model estimates both syn- and post-eruption again place the
deformation source between 1.9 – 5 km bsl, with similar volume estimates (~0.015 – 0.14 km3) to
the 1997 eruption [Lu and Dzurisin, 2010, 2014; Qu et al., 2015]. For additional information
regarding geodetic modeling at Okmok Volcano see digitally attached tables in okmok.xlsx.
The depth and pressure/volume change estimates of the Mogi models fit to the 1997 syneruption data were further used in an analysis of the assumptions involved in Mogi’s simplistic
kinematic model [Masterlark, 2007]. The pressures estimated by Lu et al. [2005] and Mann et al.
[2002] were found to be two to three times that of lithostatic pressure, invalidating interpretations
involving volume change within the magma chamber. Forward and inverse modeling comparisons
of the InSAR data used by Lu et al. [2005] and Mann et al. [2002] with their best fit model was
tested against eight additional models. Each new model fixed the x,y,z centroid location and
pressure value to those previously reported, but varied one of the homogenous, isotropic, Poissonsolid, half-space rheological parameters. This test found that a more realistic model with local
heterogeneity produced depths of 4.5 km bsl. Perturbations to each of the homogenous, isotropic,
Poisson-solid half-space assumptions all predicted much more displacement than was observed.
This specific example at Okmok introduces the potential of large model uncertainties that are often
overlooked when results are reported and emphasizes the fact that the accuracy of a model lies in
how well the model actually represents the natural environment [Masterlark, 2007]. Details
regarding these geodetic studies and the influence of each simplifying assumption at Okmok
Volcano can be found in the attached spreadsheet (okmok.xlsx).
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8.3.2 Seismic models
Seismic studies at Okmok Volcano have been limited by gaps in teleseismic data transfer,
instrument malfunction, and of course the inherent spatial and temporal distribution and type of
seismic activity. Nevertheless, models associated with subsurface velocity, ambient noise
interferometry and tomography, shear wave splitting analysis, and moment tensor calculations
have been constructed [Bennington et al., 2015; Haney et al., 2010; Johnson et al., 2010;
Masterlark et al., 2010, 2012, 2013, 2016; Ohlendorf et al., 2014; Pesicek et al., 2012].
An exhaustive exercise in data assimilation and modeling was produced for the 1997
eruption using InSAR images [Lu et al., 2005], ambient noise tomography of oceanic microseismic
signals, and thermodynamic modelling associated with the changes in velocity of S waves
predicted from these tomography models [Masterlark et al., 2010]. These models were then all
used to create a finite element model space based on the spatial and temporal evolution of the
rheologic and thermodynamic properties. A spherical, hot magma reservoir was then embedded in
this finite element model space with applied pressure increments to produce surface deformation
that fit the InSAR data [Fig. 8.8; Masterlark et al., 2010].
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5.1. Magma storage and transport at two well-studied Alaska volcanoes
Two volcanoes in Alaska that have been well studied and that likely
have very different magma differentiation, storage, and transport pathways in the crust are Okmok and Augustine (Figs. 1, 12–13). A review of
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The photomicrograph shows phenocryst-poor, vesicular andesite pumice from the 2050 yBP caldera forming eruption (58
shows basaltic andesite lapilli from the violent Strombolian phase of the 2008 eruption (54.9 wt.% SiO2; Larsen et al., 2013; U

The ambient noise tomography defined two low velocity regions, one from the surface of
the caldera to a depth of 2 km bsl and the second from a depth of 4km bsl. The depth extent of this
feature was limited because model resolution for the ambient noise tomography was only from the
421

surface to 5 km bsl. The shallow low velocity zone is interpreted to be weak material that is most
likely saturated, unconsolidated, sediments produced during historic and caldera forming
eruptions. The deeper low velocity zone was interpreted to be a region of magma storage. To
investigate the depth extent of this magma storage a thermodynamic model from the Moho (30 km
bsl) to the surface was constructed, with a 1.5 km diameter hot sphere embedded at a depth of 4
km bsl [Masterlark et al., 2010]. The thermodynamic properties that were calculated in this forward
model were then used to define the rheologic model space surrounding a finite element
deformation model. Masterlark et al. [2010] show that through the tomography, thermodynamic,
and finite element deformation model, the 1997 eruption was most likely an “impulse-response”
eruption. The conceptual model is that a pulse of magma is injected into the 4-6 km shallow storage
region and inflation is observed. A cycle of injection continues until a critical pressure of this
storage region is reached and a dike forms, propagating outwards to the surface. Through this
model Masterlark et al. [2010] estimated a volume estimate of 0.14 km3, which is in agreement
with the extruded volume estimates of Lu et al. [2003] created from DEM differencing techniques.
This study was immensely successful at not only integrating interdisciplinary data and models and
providing independent verification of the interpreted 1997 eruption dynamics, but by also
simulating the natural environment as thoroughly as possible through this data driven model
validation.
Relocation of seismic events, characterization of their moment tensors, and shear wave
splitting analysis have produced similar interpretations of rheologic structures and magma
dynamics at Okmok [Johnson et al., 2010; Ohlendorf et al. 2014; Pesicek et al., 2012]. Relocated
seismic events prior to the onset of eruption were interestingly located outside of the caldera to the
southwest, beneath a geothermal field. At Cone A continuous, low levels of seismic activity was
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observed from 2004 - 2008 but shifted to Cone D with the initiation of the 2008 eruption at initial
depths of 13 km and sustained depths of 3 km bsl for the duration of the eruption [Johnson et al.,
2010]. This estimate supports depths (2.4-3 km bsl) estimated from analysis of the very long period
tremor and Rayleigh wave radiation maps created by Haney et al. [2010]. The volcanic tremor
occurred throughout the 2008 eruption and using the Rayleigh and Love wave nodal definitions
and restrictions a moment tensor constructed from a dike and point source geometry was estimated
and found to be aligned with the regional maximum horizontal stress estimated from shear wave
splitting analysis [Haney et al., 2010; Johnson et al., 2010]. This regional tectonic stress is a
northwest-southeast trending anisotropy that is also visible in velocity models as linear features of
preferential alignment for both the fast [Fig.8.9; z = 0, 2, 12; Ohlendorf et al., 2014] and slow [Fig.
8.9; z = 4 and 6; Ohlendorf et al., 2014] velocities under the center of the caldera. Velocity models
defined from seismic events surrounding the 2008 eruption again reflect the weak low velocity
zone from the surface to 2 km depth bsl but are unable to distinguish between unconsolidated fill
or hydrothermal properties [Johnson et al., 2010; Ohlendorf et al., 2014]. The deeper magma
reservoir is similarly observed between 4-6 km bsl [Fig. 8.9; Ohlendorf et al., 2014]. The regional
tectonic stress is determined to have no effect on the shallow magmatic processes surrounding the
2008 eruption or within the weak caldera layer [Johnson et al., 2010; Ohlendorf et al. 2014; Pesicek
et al., 2012].

423

Figure 8.9. Select slices of Vp velocity at Okmok Volcano in map view (left) and cross section
(right) modified from Figures 8 and 9 of Ohlendorf et al. [2014]. In top left (Z = 0) panel black
triangles show the location of seismic stations, crosses are node locations in the X and Y directions
of the local coordinate system imposed by Ohlendorf et al. [2014], circles are seismic events, cones
A, B, and D are labeled as pink diamonds. In map view the caldera is outlined in black and in cross
section the caldera rim is indicated two downward pointing grey arrows. Thick white lines are
drawn at the average nonzero derivative weight sum (DWS) and at 1% of the max DWS for the Pwave model.
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Ambient noise interferometry was used in conjunction with GPS data from 2013 – 2014 to
analyze periods of rapid inflation and velocity decorrelation both inside and outside of the caldera
[Bennington et al., 2015]. This study produced geodetic and seismic data showing that no
deformation was taking place outside of the caldera, but seasonal variations in ambient noise
interferometry could be identified. In conjunction with GPS data these changes in seismic velocity
are interpreted to reflect temporal variations in groundwater storage on the flanks of the volcano.
Inside the caldera, rapid inflation in the fall of 2013 and summer of 2014 was observed in the GPS
data. This was associated with periods of decorrelation and relative decrease in seismic velocities
between stations. This decrease in relative velocities was greatest between the stations on the
northeastern (OKNC) and western (OKCE) extents of the caldera [Fig. 8.9]. Bennington et al.
[2015] used this model to define a weak region, interpreted as magma storage, in the center of the
caldera, aligned from north to south between the two seismic stations. For additional information
regarding seismic modeling at Okmok Volcano please see the attached spreadsheet (okmok.xlsx).
8.3.3 Petrologic models
Geochemical studies at Okmok volcano have provided information about magma storage
and evolution, as well as origination of melt and dynamics associated with volcanic positioning in
the vicinity of Umnak island [Burgisser, 2005; Byers et al., 1961; Class et al., 2000; Finney et al.,
2008; Larsen et al., 2013, 2015; Miller et al., 1992; Nye and Reid, 1986; Reeder et al., 1984;
Unema et al., 2016; Wong and Larsen, 2010].
The crust being subducted at Umnak island is assumed to have the chemical composition
of average Mid-Ocean Ridge Basalts (MORB) [Class et al., 2000; Nye and Reid, 1986]. Three
components of this subducted crust have been identified through isotope analysis: hydrous fluids
from the subducted crust, hydrous fluids from the dehydration of sediments, and silicate melt from
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subducted sediments [Class et al., 2000; Nye and Reid, 1986]. Isotopic ratios show similarities
with the inactive, neighboring volcano to the southwest, Rechesnoi, even though erupted products
are geochemically different. This relationship has been interpreted as evidence for the same melt
processes occurring beneath both volcanoes, but with differing crustal storage dynamics [Class et
al., 2000; Miller et al., 1992; Nye and Reid, 1986].
Sediment thickness in the Aleutian trench offshore of Umnak Island is estimated to be ~350
m and Pb isotope variations of Umnak lavas are consistent with mixing between MORB and drill
hole sediment compositions [Class et al., 2000; Plank and Langmuir, 1998]. This mixing is not
expected to be shallow due to the large range of chemical compositions (basalt - rhyolite) with no
significant variation in isotopic ratios [Class et al., 2000; Plank and Langmuir, 1998]. Variations
of the Pb isotopes versus the Ce/Pb ratios do not lie on any mantle-sediment mixing line,
representing a hydrous fluid formed by dehydration of the oceanic crust and a melt generated from
the subducted sediment [Class et al., 2000; Plank and Langmuir, 1998].
Interesting patterns in the evolution of Rechesnoi, Okmok, and Bogoslof volcanoes,
located from southwest to northeast respectively, become apparent through geochemical analysis
[Byers, 1961; Class et al., 2000; and Miller et al., 1992]. Volcanic activity increases to the
northeast, from Rechesnoi to the newly erupted Bogoslof, but the erupted products also evolve
from calc-alkaline to tholeiitic along this trend [Byers, 1961; Class et al., 2000; and Miller et al.,
1992]. Okmok, on the northeastern extent of Umnak Island, is actually a horst and graben setting,
which is expected as extensional settings have been related to tholeiitic volcanism [Byers, 1961;
Kay et al., 1982; Miller et al., 1992]. Bogoslof Island appears to reflect a similar extensional
environment and geochemistry to that of Okmok Volcano, potentially an effect of plate bending,
but with a hypothesized extensional area extending from Okmok to Bogoslof [Byers, 1961].
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Southwest Umnak Island, where Rechesnoi is located, is a compressional setting, with old steep
sided cones of porpheritic andesite. These products indicate olivine magma was mixed with several
times its own volume of quartz diorite country rock, supporting the calc-alkaline relationship to
local tectonic stresses [Byers, 1961; Kay et al., 1982; Miller et al., 1992].
Within the caldera at Okmok, the northern cones, B, E, G, H, and I are generally more
mafic than the southern cones A, C, D, and F [Fig. 810; Finney et al., 2008]. Estimates from
geochemical modelling for eruptions prior to 2008 indicate that magma storage and evolution
occur at depths of 3.8 - 7.8 km bsl [Finney et al., 2008]. Magma storage models for these pre-2008
eruptions [Fig. 8.11] are based on the volume flux of material from depth [Finney et al., 2008].
This process controls the size of the magma chamber and therefore the degree of mixing and
assimilation [Finney et al., 2008].
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Figure 8.10. Map view of Okmok caldera with DEM and eruptive cones labeled in red. Dotted
lines separated the more felsic cones in the northern half of the caldera with the more mafic cones
in the southern half of the caldera. Inset is the average whole rock SiO2 weight percent of the
erupted products from each cone as they are ordered youngest to oldest according to eruptive
activity. Inset modified from Larsen et al. [2013].

428

(a)

Hydrothermal
alteration

Assimilation of young,
altered cumulate
material only
Causes decrease
in δ18O

OLD (>350 kyr)
VOLCANIC
EDIFICE

Crystallisation
of cumulates
RECENTLY
EMPLACED
CUMULATES
FRESHLY
INTRUDED
BASALTS

(b)

Assimilation of older
crustal material
raises (230Th/232Th)
and 87Sr/86Sr
CRYSTALLISING MAGMA
IN CONTACT WITH OLD
VOLCANIC EDIFICE

Assimilation of young,
altered cumulate
material continues

MUCH OF CUMULATE
PILE IS ASSIMILATED
HIGHER FLUX
OF BASALT
FROM MANTLE

Figure 8.11. Evolution of the Okmok magma chamber. (a) The recent (post caldera-forming)
effusive phases are dominated by the assimilation of cumulative material that has a low ∆18O
concentration due to hydrothermal alteration. (b) Prior to caldera-forming eruptions flux of basaltic
material from depth was greater. This resulted in a larger region of magma storage, causing areas
of this chamber to come in contact with the older volcanic edifice after assimilation of the younger
marginal material had occurred. Modified from Finney et al. [2008].
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A recent study combined thermodynamic and petrologic models with geodetic data
[Caricchi et al., 2014]. Volume change of the 2005-2006 rapid inflation and subsequent deflation
modeled using GPS and InSAR data [Biggs et al., 2010] was investigated by using published
values for the weight percent of water in Okmok samples [Finney et al., 2008; Zimmer et al., 2010]
to determine the volumes and timescales related to the crystallization and volatile exsolution
associated with injections of magma. This study tested the injection of a saturated basalt and a 2
wt% H2O basalt into a cool crust (150°C) and an evolved storage of andesite partial melt (850°C)
[Caricchi et al., 2014]. Additional tests were performed to investigate whether viscoelastic
response from these injections or expansion of a heated hydrothermal system could produce the
observed uplift and subsidence signal. The thermodynamic models for the crystallization and
subsequent gas exsolution of a water-saturated magma were able to fit both the volume and
temporal estimates modeled from geodetic data [Biggs et al., 2010; Caricchi et al., 2014].
Viscoelastic response of a point source and hydrothermal expansion could both produce the
observed uplift but failed to capture the magnitude or associated timing of the subsidence [Caricchi
et al., 2014].
Magmas erupted during the 2008 eruption are estimated to have been stored at shallower
depths of 2 – 5 km bsl [Larsen et al., 2015]. Ash deposits from the 2008 eruption also show
inclusions of an older, more mature basalt [Larsen et al., 2015]. Larsen et al. [2015] interpret the
eruption mechanisms to either involve the addition of this older, more evolved magma or the rapid
ascent of magma through a large dike system. For additional information regarding geochemical
data and modeling at Okmok Volcano please see the attached spreadsheet (okmok.xlsx).
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8.4 Data
Okmok Volcano is one of the better studied Aleutian volcanoes, so published geologic and
geophysical datasets for the 2008 phreatomagmatic eruption are already available. To create a
physics-based, 3D, numerical model of the 2008 phreatomagmatic eruption at Okmok, data that
can be used to define the model space, magma reservoir, and erupted products are required. A
SRTM digital elevation model (DEM) and seismic velocities is used to define the crustal properties
and magma chamber location and geometry while petrologic data is used to characterize the
material properties of the stored and erupted magmas. Geodetic data is used later to evaluate
forward model predictions.
8.3.1 Digital elevation model
SRTM 1 arc second DEM files (30 m resolution) are downloaded, merged, cropped, and
plotted using the MATLAB codes from Francois Beauducel “readhgt.m” and “dem.m”. The total
region from -169.1º E to -167º E and 52.6º N to 54º N is obtained as 23 tiles that cover Umnak and
Unalaska Islands in the Aleutians [Fig. 8.12]. Areas where the surface is water and 0 m elevations
are cropped to reduce file size and the latitude and longitude coordinates are converted to a local
coordinate system defined relative to -169.0º E, 52.9º N. This point is chosen because it
incorporates the entirety of Umnak Island and allows ample space on all sides of Okmok Volcano
so that model boundaries should have no effect on deformation or stress regimes. The SRTM
mission was flown 11-22 February 2000, this is relevant here because the DEM includes erupted
products from prior Okmok eruptions, most notably the 1945, 1958, and 1997 basalt flows that
extend across the caldera, from southwest to northeast. The 2008 erupted products and features
such as the relocated surface water in the caldera and Ahmanilix cone are not included in the DEM.
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Figure 8.12. Umnak and Unalaska Islands DEM obtained to define the model space for a multiphysics model of Okmok Volcano.

8.4.2 Seismic event locations and wave-speed
Ohlendorf et al. [2014] published their study of relocated seismic events and tomography
at Okmok Volcano created from the inversion of differential travel times between events and
seismic stations on Umnak and Unalaska Islands using the program tomoDD [Zhang and Thurber,
2003, 2006]. The tomography model from Ohlendorf et al. [2014] is used in this study. An updated
tomography model (including event relocations) is in progress (Ninfa Bennington, pers. comm.)
and will be used for future studies.
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Details regarding the seismic data and tomography inversion can be found in Ohlendorf et
al. [2014]. These published model predictions for P and S-wave velocities (Vp and Vs,
respectively) [Fig. 8.9] are used to estimate elastic parameters of the crust at Okmok Volcano in
an effort to include heterogeneities and test the validity of the homogenous assumption that is
made in all kinematic deformation models. The resolution of this tomography model is limited to
depths of 2-4 km bsl under the center of the caldera, with little to no resolution at the surface or at
depths of 8 km bsl and greater [Fig. 8.13]. The model outputs are not edited in any way, except for
conversion to a more conventional coordinate system. Grid nodes used by Ohlendorf et al. [2014]
[Table 8.1 and Figs. 8.9, 8.13, and 8.14] are in a locally defined coordinate system where the X
axis is in the northwest-southeast direction and the Y axis is approximately northeast-southwest
most likely in order to provide gridded coverage of the caldera, this will be referred to as the
seismic coordinate system. In this coordinate system, positive X distance is to the northwest and
positive Y distances are to the southwest [Fig. 8.14]. From the tomoDD inversion model input file
(“tomoDD.inp”) it was determined that these distances are relative to an origin at 53.940º N, 167.5000º E on an axis that is rotated -122º from N. In order to use these model estimates with the
DEM and relate these parameters to other data sets, such as deformation models, the X and Y
locations of each node were first rotated by 122º [Fig. 8.15] so that each point is now expressed as
a distance from the origin, but on axes that follow geodetic conventions. The Y axis is now defined
as a north-south oriented axis with positive values to the north and the X axis corresponds to an
east-west direction with positive values to the east. Because the axes have been rotated the nodes
are no longer linear, so that while in the seismic coordinate system points X(2), Y(5) and X(2),
Y(6) have the same value for X, they are now different values, so direct reproduction of Table 8.1
for the following coordinate systems is no longer possible [Fig. 8.15]. After rotating the nodes into
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the geodetic coordinate system, the depth and cross-sectional slices published by Ohlendorf et al.
[2014] were reproduced to verify that the wavespeed spatial patterns had not changed. With the
locations now on the geodetic coordinate system they are easily converted into decimal degree
latitudes and longitudes. Finally, these locations are then projected into the same local coordinate
system as the DEM (relative to -169.0º E, 52.9º N), hereafter referred to as the model coordinate
system. The convention for depth (Z axis) in the seismic coordinate system is positive below sea
level and negative above sea level. Because the DEM is in positive meters above sea level the
depth convention used in the model will be negative below sea level and positive above sea level.
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Figure 8.13. Map view for select depth slices of checkerboard resolution test for tomography
inversion produced by Ohlendorf et al [2014]. Depth (Z) is indicated as kilometers bsl, crosses
represent grid nodes and rectangles outline each region defined as “fast” or “slow” (blue and red,
respectively). This synthetic grid is constructed to investigate the percent of velocity change that
can be detected in the inversion model. Here the best resolution is evident as darker colors centered
under the caldera at depths between 2-4 km bsl, with marginal to no resolution at the surface or
below 8 km bsl. Modified from Ohlendorf et al. [2014].
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Table 8.1. Locations of original X, Y, and Z nodes used for the tomoDD velocity and seismic event
location inversions [Ohlendorf et al., 2014]. Values are given as kilometers from the origin (0,0,0)
defined in the model input file as 53.940º N, -167.5000º E, with an X axis rotated -122º from the
east-west convention of geodetic.
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Figure 8.15. Rotation of original seismic coordinate system into the geodetic coordinate system.
Green and blue circles and arrows show the rotation of individual points. The black plus signs
show why the nodes are no longer considered linear and each node now has individual X and Y
coordinates. Inset shows the full extent of all X and Y nodes listed in Table 8.1.
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These grid systems are explained in detail because they will all be used differently
throughout this study. The tomography inversion model predictions are linear on the seismic
coordinate system so these coordinates will still be used to display the rheologic properties of the
crust in order to minimize interpolated values and exact points can be used. The geodetic
coordinate system is useful for figures and plotting because absolute locations are often the easiest
when understanding larger systems, such as that at Okmok Volcano and Umnak Island. Finally,
the model coordinate system will be used in the multi-physics model and all model inputs will be
converted to this system to simplify geometry and spatial dynamics in the model.
8.4.3 Petrologic data
The 2008 eruption at Okmok Volcano was sampled throughout the eruption and
immediately following effusive or explosive activity. Zimmer et al. [2010] published a
comprehensive petrologic and geochemical analysis from 27 samples (see attached tables in
aleutian_geochem_data.xls spreadsheet). Of particular value are the major element and volatile
compositions for these samples, both with and without olivine corrections, that provide weight
percent of major oxides needed to calculate the dynamic viscosity of the stored melt (SiO2, TiO2,
Al2O3, FeO(T), MnO, MgO, CaO, Na2O, K2O, P2O5, H2O, and F2O-1) [Giordano et al., 2008].
Petrologic models by Larsen et al. [2016] estimate stored magma temperatures of 1024 –
1204 °C from these compositions. The magma density O2962

<=
>#

Q and dense rock equivalent

(DRE) of erupted products from the 2008 eruption are also calculated [Larsen et al., 2013; Unema
et al., 2011, 2016]. Ash deposits from the 2008 eruption were mapped by calculating isopach
contours of the deposit thicknesses, from 47 field sites and by integrating satellite imagery, wind,
and weather data [Fig. 8.16; Unema et al., 2016]. The total volume of erupted products was
calculated using the two-straight line exponential fit following the methods of Fierstein and
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Nathenson [1992]. This initial estimate was then converted to a DRE erupted volume by using
measured tephra and glass densities measured in previous studies, with an estimated 0.24 km3 of
DRE magmatic volume erupted during the primary 2008 events [Unema et al., 2016].

Water-magma interaction and plume processes in the 2008 Okmok eruption, Alaska
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Figure 3. Isopach map of the total thickness of the 2008 Okmok tephra. Isopachs in white are labeled with thicknesses in centimeters,
whereas those in black are in meters. Sample sites are black dots.

Figure 8.16. Isopach of total ashfall deposit thicknesses in centimeters. Dashed lines represent
inferred contours. Measurements are in centimeters for thicknesses less than one meter and in
transitional between
the basal coarse ash and
coarse
ash and
fine lapilli
is finer
grained respectively).
Unit
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from Unema et al. [2016].
locations (Figs. 4 and 5A). Unit 1A is massive
open-framework lapilli and coarse ash, typically devoid of fine and medium ash. Unit 1B
is similar but has a fine and medium ash matrix,
as well as ash pellets and cored lapilli in many
described sections.
The coarse ash and lapilli show a continuous normal grading through units 1A and 1B,
but fine and medium ashes first appear at the
base of unit 1B. The coarse ash consists of

and medium ash. In some medial to distal sites,
only one basal, normally graded, open-framework unit is present and is likely a combination
of units 1 and 2 without the fine-ash addition
of unit 1B.
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Unit 3
Unit 3 is very poorly sorted ash with variable amounts of lapilli ranging from matrixsupported ash aggregates and scattered glassy

dominated units that lie above it.

Upper Units
The upper units include all deposits above
unit 3 (Fig. 4). The upper units are dominated by
four interbedded facies: ash pellets, laminated
medium and fine ash, massive fine ash, and thin
beds of sorted coarse ash (Figs. 5 and 6) that
occur without a set stratigraphic sequence.
Ash-pellet layers typically consist of fine ash

8.4.4 Geodetic displacements
Three component co-eruptive GPS displacements for the 2008 eruption have previously
been calculated in Chapter 7. They are utilized here to calculate the residual and evaluate the
magnitude and spatial pattern of deformation predicted by the forward model.
8.5 Methods
The purpose of this model is to utilize petrologic and seismic data to define a model of the
2008 eruption at Okmok Volcano that can recreate GPS observations of surface displacement. This
forward model is constructed in COMSOL Multiphysics® and the components of its design are
discussed further in the following sections.
8.5.1 Construction of model domain and boundary conditions
The DEM data is first converted into the same coordinate system used for the seismic
tomography node calculations and then imported into COMSOL Multiphysics® as a linearly
interpolated table that is then converted to a parametric surface. The crust is then constructed
around this surface with a thickness of 30 km and a length and width of 40 km each [Fig. 8.17].
The bottom boundary is fixed so that it is non-deforming, while the vertical boundaries to the East,
North, South, and West are defined to be roller boundaries. The surface of the model is designated
a free surface to allow for deformation.
With the basic structure of the model environment constructed, additional seismic and
petrologic data can be used to define the physical and chemical parameters for the magmatic
chamber that produced the 2008 eruption at Okmok Volcano [Fig. 8.18]. The material properties
for the crustal domain will be defined using the seismic tomography data [Ohlendorf et al., 2014]
and equations to relate seismic velocities to elastic parameters [Brocher, 2005]. The magma
chamber geometry will be defined using isosurface contours from the seismic tomography data
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[Ohlendorf et al., 2014] and the properties of the magmatic fluid within that chamber will be
calculated from petrologic data [Fig. 8.19].

40 km

30 km

40 km
Figure 8.17. Initial model block for Okmok Volcano and Umnak Island constructed from the
SRTM DEM surface with a 40 km x 40 km x 30 km block beneath it.
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Figure 8.18. Graphic sketch of model construction and application of data to the model
environment.
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Figure 8.19. Schematic of parameters defined for model construction and the data that is used to
calculate their values.

8.5.2 Elastic parameters of the crust
The relationship between Vp (km/s) and the density and elastic parameters that define the
associated rheology are first explored through the reproduction of equations presented in Brocher
[2005]. These relationships are then used to define the density and elastic parameters
characterizing the lithospheric rheology for Okmok Volcano using estimates of Vp resulting from
the tomographic inversion of pre-2008 seismic data published in Ohlendorf et al. [2014]. These
parameters are shown to vary in three dimensions and will later be used to define the model domain
for a multi-physics deformation source model at Okmok Volcano.
First, I reproduced the equations listed in Brocher [2005] that relate a standard range of
seismic P-wave velocities (Vp) to various elastic parameters. The equations are defined from a
variety of datasets that are grouped by rheologic characteristics so that individual fits to subsurface
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rheology can be defined. Equations for density (𝜌) [Eqs. 8.1-8.4], seismic S-wave velocity (Vs)
[Eqs. 8.5-8.7], shear modulus (𝜇) [Eq. 8.8], elastic modulus (𝜆) [Eq. 8.9], bulk modulus (𝐾) [Eq.
7.10], Young’s modulus (𝛦) [Eq. 8.11], and Poisson’s ratio (𝜐) [Eqs. 8.12-8.14] are defined as
functions of Vp [Table 8.2].

Table 8.2. Equations are related between this study and the Brocher [2005] study with references,
applicable lithology, and Vp ranges also indicated.
Parameter

Lithology

Vp Range
(km/s)

Equation
Number:
This study
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Equation
Number:
Brocher [2005]
1
2
3
4
6
7
8
(page 2090)
(page 2090)
(page 2090)
(page 2090)
10
11
12
(page 2090)

Reference

1
1.5 – 8.5
Ludwig et al. [1970]
𝜌$
2
1.5
–
6.1
Gardner et al. [1974]
𝜌%
3
5.5 – 7.5
Christensen and Mooney [1995]
𝜌&
4
5.9 – 7.1
Godfrey et al. [1997]
𝜌'
5
1.5 – 8.0
Brocher [2005]
𝑉()
2
1.5 – 4.25
Castagna et al. [1985]
𝑉(%
4
5.25
–
7.25
Brocher [2005]
𝑉('
𝜇*+
6
variable
Telford et al. [1976]
𝜆*+
6
variable
Telford et al. [1976]
𝐾*+
6
variable
Telford et al. [1976]
𝐸*+
6
variable
Telford et al. [1976]
𝜐+
6
variable
Brocher [2005]
1
1.5 – 8.5
Brocher [2005]
𝜐,1
1.5 – 8.5
Brocher [2005]
𝜐.𝜐*+
6
variable
Telford et al. [1976]
Lithologies
1 – all rocks, except mafic crustal and calcium-rich rocks
2 – clay-rich sedimentary rocks
3 – crystalline/all rocks, except volcanic and monomineralic rocks
4 – basalt, diabase, and gabbro
5 – all lithologies except calcium-rich and mafic rocks, gabbros, and serpentinites
6 – lithology determined by use of 𝜌 (𝑖) and/or 𝑉( (𝑗)
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2

3

4

5

𝜌$ = 1.6612 𝑉𝑃 − 0.4721𝑉𝑃 + 0.0671𝑉𝑃 − 0.0043𝑉𝑃 + 0.000106𝑉𝑃

0.25

𝜌% = 1.74𝑉𝑃

[Eq. 8.1]

[Eq. 8.2]

𝜌& = 0.541 + 0.3601𝑉𝑃

[Eq. 8.3]

𝜌' = 2.4372 + 0.0761𝑉𝑃

[Eq. 8.4]

Equation 8.1 was created by hand picking the density and Vp velocities for all rocks
excepting mafic crustal and calcium-rich rocks from the Nafe-Drake curve presented graphically
in Ludwig et al. [1970]. This is the equation used to define crustal density for COMSOL models
at Cotopaxi Volcano [Hickey et al., 2015] and is defined as valid for all Vp velocities between 1.5
and 8.5 km/s. Gardner’s rule [Gardner et al., 1974] defines the relationship between density and
Vp for sedimentary rocks [Eq. 8.2], valid for Vp between 1.5 and 6.1 km/s. For crystalline rocks
at 10 km depth with Vp speeds of 5.5 to 7.4 km/s, or all rocks other than volcanic or monomineralic
rocks, Christensen and Mooney [1995] proposed a linear relationship between density and Vp [Eq.
8.3]. The final equation [Eq. 8.4] used to define density in Brocher [2005] is a separate linear
relationship for basalt, diabase, and gabbro proposed by Godfrey et al. [1997] derived from
measurements reported in Christensen and Mooney [1995] for a depth of 10 km but with a Vp
between 5.9 and 7.1 km/s.
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𝑉F* = 0.7858 − 1.2344𝑉, + 0.7949𝑉," − 0.1238𝑉,# + 0.0064𝑉,$

[Eq. 8.5]

𝑉F" = (𝑉, − 1.36)⁄1.16

[Eq. 8.6]

𝑉F$ = 2.88 + 0.52(𝑉, − 1.36)

[Eq. 8.7]

The empirical relationship between Vs and Vp (for Vp between 1.5 and 7.5 km/s) is defined
for all lithologies except calcium-rich and mafic rocks, gabbros, and serpentinites in Equation 8.5,
which Brocher [2005] refers to as “Brocher’s regression fit”. This equation was found to also fit
additional independent data later explored by Brocher [2005]. Equation 8.6 was derived by
Castagna et al. [1985] for clay-rich sedimentary rocks with Vp measurements between 1.5 and
4.25 km/s. Brocher [2005] also derived an additional linear relationship between Vp and Vs for
calcium-rich rocks (including dolomites and anorthosites), mafic rocks, and gabbros with a Vp
between 5.25 and 7.25 km/s, referred to as the “mafic line” [Eq. 8.7].

"
𝜇%' = 𝜌% 𝑉5'

[Eq. 8.8]

"
𝜆%' = 𝜌% ?𝑉," − 𝑉5'
B

[Eq. 8.9]
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𝐾%' = 𝜆%' + 2⁄3 𝜇%'

[Eq. 8.10]

𝐸%' = 𝜇%' ?3𝜆%' + 2𝜇%' Ba?𝜆%' + 𝜇%' B

[Eq. 8.11]

Lamé’s constants, the elastic and shear moduli [Eqs. 8.8 and 8.9, respectively], are
calculated from density, Vp, and Vs [Brocher [2005]; Telford et al., 1976]. These values can then
be used to calculate the bulk and Young’s moduli of the lithosphere [Eqs. 8.10 and 8.11,
respectively; Brocher, 2005; Telford et al., 1976].

"

"

𝜐' = 0.5 M?𝑉, ⁄𝑉F' B − 2RaM?𝑉, ⁄𝑉F' B − 1R

[Eq. 8.12]

𝜐GH = 0.8835 − 0.315𝑉, + 0.0491𝑉," − 0.0024𝑉,#

[Eq. 8.13]

𝜐IH = 0.769 − 0.226𝑉, + 0.0316𝑉," − 0.0014𝑉,#

[Eq. 8.14]

𝜐%' = 𝜆%' ⁄b2?𝜆%' + 𝜇%' Bc

[Eq. 8.15]

Poisson’s ratio is often assumed to be 0.25 for lithospheric rocks, defined by the equality
of the elastic and shear moduli (first and second Lamé constants). Equation 8.12 defines this
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assumption through the relationship between Poisson’s ratio and the ratio of Vp to Vs [Brocher,
2005]. Brocher [2005] additionally defines two new equations that relate Poisson’s ratio to Vp,
The first, Equation 8.13, is a manual fit of empirical laboratory data [Christensen, 1996; Mavko et
al., 1998], borehole logs [Daley and McEvilly, 1990; Boness and Zoback, 2004; Newhouse et al.,
2004], and tomography data [Boatwright et al., 2004] referred to as “Brocher’s empirical fit”. This
equation excludes calcium-rich and mafic lithologies and is reported to be valid for Vp values
between 1.5 and 8.5 km/s. The second, Equation 8.14, is derived from the manual fit of Poisson’s
ratio and Vp that is presented graphically in Ludwig et al. [1970]. This equation is referred to as
“Ludwig’s empirical fit” and is defined to be valid for Vp between 1.5 and 8.5 km/s. Additionally,
Poisson’s ratio can be calculated from the relationship between shear and elastic moduli
(calculated from density and Vp and Vs) [Eqs. 8.8, 8.9, and 8.15; Telford et al., 1976].
These equations make it possible to fully characterize rheologic properties of the
lithosphere when only Vp data is available. While the variations in these equations appear to be
trivial, when they are compared graphically [Fig. 8.20] it becomes apparent, especially for density
and Poisson’s ratio, that the definition of lithology and use of the appropriate equation is important
to produce accurate calculations distribution of rheological parameters for the crust.
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Figure 8.20. Plots relating Vp with density, Poisson’s ratio, shear modulus, elastic modulus,
Young’s modulus, and bulk modulus. Lines are colored according to the equations used to
calculate each value. Table 1 relates the equation in Brocher [2005] with the equations presented
here.
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The equations obtained from Brocher [2005] were then applied to the Vp and Vs estimates
published by Ohlendorf et al. [2014] from the tomographic inversion of seismic events at Okmok
Volcano [Figs 8.21].
When all of the Brocher [2005] equations were applied to the Okmok Vp data, no
significant variation was observed between lithologic equations for the shear, elastic, bulk, and
Young’s moduli. This is expected as these do not vary much in the original calculations [Fig. 8.21],
and because with a fixed Vp/Vs these equations become constant. There is, however, significant
differences in density and Poisson’s ratio depending on which equation is applied [Fig. 8.21]. For
instance, at Vp of 5.5–8.0 km/s densities can range from 2500-3200 kg/m3 depending on the
equation and lithology applied to the Vp. For Poisson’s ratio we see significant variation between
Equations 8.13 and 8.14 (Brocher [2005] equations 11 and 12, respectively) and all other possible
equations. This again, is because the rest of the equations are reduced to the relationship of Vp/Vs,
which is fixed as a constant, resulting in a constant Poisson’s ratio (evidenced as the green line in
the bottom plot of Figure 8.21).
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Figure 8.21. Plots relating Vp with density, Poisson’s ratio, shear modulus, elastic modulus,
Young’s modulus, and bulk modulus. Lines are colored according to the equations used to
calculate each value. Table 8.2 relates the equation in Brocher [2005] with the equations presented
here.
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Because of this observed difference, in order to construct the most accurate lithospheric
rheology possible at Okmok Volcano, equations used to calculate the rheologic parameters were
varied by depth and Vp according to suspected lithology variations [Fig. 8.22]. Shear, elastic, bulk,
and Young’s modulus are all dependent on the density calculations, so the only equation that is
varied is that of density and subsequently the rest of the parameters also become lithologically
controlled. The surface of Okmok in the Vp model is defined as a depth of -1 km, with positive
depths indicating depth below sea level. The surface of Okmok, and the caldera fill is assumed to
be sedimentary rocks resulting from over 2,000 years of eruptive activity. For this reason, the
equation that is defined to be valid for sedimentary environments [Eq. 8.2] is applied to depths of
the surface to sea level (depths of -1 km to 0 km). Below that depth, the general equation for all
rocks is applied [Eq. 8.1], except when Vp is between 5.9 and 7.1 km/s, then the equation for
basalt, diabase, and gabbro is used [Eq. 8.4].
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Figure 8.22. Cross section example of lithologic variation in elastic parameter calculation for the
crustal model environment at Okmok Volcano. Figure is not to scale.

The tomographic model resolution is quite coarse, with node spacing of 2 km in the caldera
[Table 8.2] so values for density and elastic parameters are interpolated across horizontal and
vertical space using the nearest neighbor interpolation function in Matlab to produces maps and
cross-sections of the density and elastic parameter estimations for Okmok Volcano [Figs. 8.23–
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8.25]. The velocity model of Ohlendorf et al. [2014] was made on an irregular grid and local grid
origin and orientation information were not provided, so the plots will not exactly match the
published values with regards to orientation of velocity in three-dimensional space. This is not
currently a concern since an improved model is expected to be published soon, and these values
will be updated accordingly (Ninfa Bennington, personal communication).

455

Figure 8.23. 3D model of Poisson’s ratio as calculated from Equations 8.12-8.15 for the various
lithologies at Umnak Island as defined from Vp velocities estimated from tomographic inversion
models [Brocher, 2005; Ohlendorf et al., 2014]. While most values remain close to the
conventional value of 0.25, higher values within the caldera indicate weaker substrates.
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Figure 8.24. 3D model of density as calculated from Equations 8.1-8.4 for the various lithologies
at Umnak Island as defined from Vp velocities estimated from tomographic inversion models
[Brocher, 2005; Ohlendorf et al., 2014]. Because the equations are not linear with Vp, anomalous
features can be observed to the southwest of the caldera, with a high density circular region in
contact with a lower density finger.
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Figure 8.25. 3D model of Young’s modulus as calculated from Equations 8.11 for the various
lithologies at Umnak Island as defined from Vp velocities estimated from tomographic inversion
models [Brocher, 2005; Ohlendorf et al., 2014]. The weaker, shallow sedimentary layers are
evident, but the anomalous pattern observed in the density model is also present as a region with
a high Young’s modulus in contact with a finger of a lower Young’s modulus.
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8.5.3 Magma reservoir parameters
The magma reservoir geometry and location is defined from the isosurface where Vp is 4.7
km/s. This produced an oblong sill shaped object that appeared to be segmented into two main
chambers, one centered underneath the caldera, and one just outside the caldera rim to the
southwest [Fig. 8.26]. This large oblong model is located at a depth of ~4 km bsl and has a volume
of 74 km3 calculated in the program Meshlab when isosurface coordinates were being converted
into .stl format for importing to the COMSOL Multiphysics® model. This model was tested, but
because the portion mapped outside of the caldera bounds is suspected to be a stretching artifact
from the seismic tomography having oblique node alignment and the checkerboard tests [Fig. 8.13]
indicate poor resolution outside of the caldera, a smaller model was also tested. This smaller model
was the portion of the chamber that was below the central caldera, but the region outside of the
caldera was truncated, so that the overall chamber volume was reduced to 1 km3 [Fig 8.27]. From
these chambers a 25 m radius cylindrical conduit was connected from the exact surface location
of Ahmanilix Cone to the closest (most shallow) point of the magma reservoir.
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Figure 8.26. Magma reservoir geometry and location in map view (top) and cross section (bottom)
as defined from an isosurface for Vp = 4.7 km/s. The conduit was attached by connecting the
surficial location of Ahmanilix Cone to the closest section of the chamber.
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Figure 8.27. Map view of model design of the smaller magma chamber and conduit within the
crust with DEM surface (top). North-south and east-west depth profiles are included in the middle
and bottom panels respectively.
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The next task is to define the dynamic viscosity, temperature, and pressure change
associated with the magmatic plumbing system responsible for the 2008 eruption. Larsen et al.
[2013] estimated the temperature of the melt from the 2008 erupted products to be 1024° - 1204°
C. This value is used with the melt compositions [Zimmer et al., 2010] in Equations 8.16-8.18 to
calculate the dynamic viscosity (𝜂) with estimates between 10-104 Pa s [Fig 8.28; Giordano et al.,
2008].

𝑙𝑜𝑔𝜂 = 𝐴 +

G
J(K)6L

[Eq. 8.16]

𝐵 = ∑N%M![𝑏% 𝑀% ] + ∑#'M!b𝑏!' ?𝑀1!' ∙ 𝑀2!' Bc

[Eq. 8.17]

C = ∑O%M![𝑐% 𝑁% ] + [𝑐!! (𝑁1!! ∙ 𝑁2!! )]

[Eq. 8.18]

where 𝜂 is dynamic viscosity, 𝐴 is the value of 𝑙𝑜𝑔𝜂 at infinite temperature and is controlled by
volatile content representing the silicate melt viscosity limit at high temperatures. 𝑇 is the
temperature of the melt at pressure 𝐾, 𝐵 and 𝐶 are compositional parameters built from a table of
17 coefficients (𝑏% , 𝑏!' , 𝑐% , 𝑐!! ) defined by melt compositions expressed as mol% oxides [Table
8.3], and the 𝑀′𝑠 and 𝑁′𝑠 represent the combinations of mol% oxides in Table 8.3 [Giordano et
al., 2008].
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Figure 8.28. Calculated dynamic viscosity values given the melt inclusion compositions and
temperature measured from 2008 eruption products at Okmok Volcano.
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Table 8.3. Constants used in Equations 8.16-8.18 for the viscosity of volatile bearing melts
[Giordano et al., 2008].

A

-4.55

B1

159.56

C1

2.75

B2

-173.34

C2

15.72

B3

72.13

C3

8.32

B4

75.69

C4

10.20

B5

-38.98

C5

-12.29

B6

-84.08

C6

-99.54

B7

141.54

C11

0.30

B11

-2.43

B12

-0.91

B13

17.62

With the parameters of the crust and the magma defined the final input variable that
remains to be calculated is the change in pressure of the magma chamber that will represent the
actual eruption. By rearranging basic thermodynamic principles, we can solve for pressure as a
function of the bulk modulus and the change in volume relative to the original volume of the
magma chamber [Eq. 8.19].
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∆)

∆𝑃P = 𝜅 O ) 01Q
01

[Eq. 8.19]

Where ∆𝑃P is the pressure change of the magma within the chamber, 𝜅 is the bulk modulus
calculated using Eq. 8.10 to be 36.3 GPa, ∆𝑉LQ is the volume change of the magma chamber, here
defined as the erupted volume calculated by Unema et al. [2016] to be 0.23 km3, and 𝑉LQ is the
original volume of the magma chamber, or 74 km3 and 1 km3 for the large and small chambers,
respectively.

8.5.4 Model execution and input parameters
This 3D model is constructed in the Fluid-Solid Interface Module within COMSOL
Multiphysics®. This module first calculates the fluid dynamics within the Laminar Flow Module
and then applies its effects to the solid interface via the Structural Mechanics Module.
From here on out I will discuss the smaller of the magma chamber models for simplicity.
Meshing of the model space is refined to sample the chamber, conduit, and caldera surface at a
higher rate than the surrounding crust. Three tetrahedral sizes were defined: a coarse crustal size
applied to all crustal components below the surface, a coarse surface size applied to the DEM
surface that allowed for smaller refinements when necessary due to the DEM resolution, and a
third smaller size applied to the chamber and conduit [Fig. 8.29 and Table 8.4]. Further corner
refinement and boundary layer properties were applied to the chamber, conduit, and ground surface
because of the complicated geometry and small facets of the imported geometries [Fig. 8.30].
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Figure 8.29. Map view (top) and east-west profile (bottom) of mesh constructed for the Okmok
2008 eruption model. The preferential sampling of the caldera can be seen in the dense center of
tetrahedra in map view, while the coarse tetrahedra used to sample the distal crust are clear in the
profile [Table 8.4]. The faint outline of the magma chamber and conduit can be seen in the profile,
centered under the caldera, as outlined by the elevated dem contours.
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Table 8.4. Meshing parameters for each part of the model space in the smaller magma chamber
model. These parameters can be seen in Figures 8.29 and 8.30.

Maximum
Element
Size

Minimum
Element
Size

Crust - Coarse
Tetrahedra

6000

1120

1.6

0.7

0.4

DEM and
Chamber - Coarse
Tetrahedra

3530

1090

1.25

0.8

0.5

DEM and
Chamber - Fine
Tetrahedra

1820
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1.15

0.6

0.7

Mesh Application

Maximum
Resolution
Curvature
Growth
of Narrow
Factor
Rate
Regions

Figure 8.30. Close up view of Okmok Volcano meshing profile details the smaller mesh applied
to the smaller chamber and conduit as well as boundary properties and higher sampling of the
surface surrounding the caldera.
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The Laminar Flow is characterized as a compressible Newtonian fluid with constant
density and viscosity from chamber to surface with two-way coupling at the solid boundary
between fluid pressure and stress. Input parameters of the physical model include a reference
pressure of the fluid, here set to 0 Pa, but further this value could change with model development
that includes such features as lithostatic pressure or time dependent pressurization prior to the
eruption event. The additional input parameters of reference temperature (1273.2 K), density (2962
kg/m3), and dynamic viscosity (104 Pa s), and the outlet pressure (-8.08 x 109 Pa) are obtained
from petrologic data and calculations [Table 8.5]. The conduit and chamber walls in contact with
the surrounding crust are defined as no-slip boundary, and the outlet pressure is applied to the
boundary where the conduit intersects the DEM surface. The dependent variables of the Laminar
Flow Module are the three components of the fluid’s velocity field and the resulting boundary
pressure.
The crustal environment is defined in the Solid Mechanics Module as a linear elastic
material with input parameters of Young’s modulus, Poisson’s ratio, and density defined in 3D by
applying the equations described in Brocher [2005] to the seismic tomography wavespeeds
published by Ohlendorf et al. [2014] (see section 8.5.2). There are no initial stresses applied, but
this could easily be perturbed in future models by incorporating lithostatic pressure.
The MUMPS linear solver is used for the Solid Mechanics equations while the Newton
method is applied for the nonlinear method. On the SMU ManeFrameII, high performance
computing center GUI web interface node with 36 core capability, this computation took ~5 min
(there is some ambiguity with how many cores the GUI web interface can access as the
ManeFrameII administrators have not yet completely resolved the installation and performance
efficiency of COMSOL Multiphysics® remote login).
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Table 8.5. Input model parameters for definition of 2008 eruption at Okmok Volcano in COMSOL
Multiphysics®.

Parameter

Value

Description

dem_x

132904

number of pixels in dem x direction

dem_y

120127

number of pixels in dem y direction

dem_x1

6740 [m]

first x-coordinate in dem

dem_y1

8252 [m]

first y-coordinate in dem

dem_zmax

2169 [m]

maximum dem elevation

x_cr

4e4 [m]

crust width (longitude)

y_cr

4e4 [m]

crust height (latitude)

z_cr

3e4 [m]

crust thickness (depth)

V_ch

1.06 [km3]

magma chamber volume calculated in Meshlab

dV_ex

0.236 [km3]

Unema et al. [2016] volume change

r_con

25 [m]

conduit radius

x_surf_con

59147 [m]

dem x location of Ahmanilix cone

y_surf_con

59696 [m]

dem y location of Ahmanilix cone

T_magma

1273.15 [K]

magma temperature [Larsen et al., 2013]

rho_magma

2962 [kg/m3]

magma density [Unema et al., 2016]

eta_magma

104 [Pa*s]

magma viscosity [Giordano et al., 2008]

Vp_ch

4700 [m/s]

magma chamber p-wave isosurface

1.73

Vp/Vs ratio [Ohlendorf et al., 2014]

Vs_ch

2717 [m/s]

magma chamber s-wave value

lambda_magma

21.7 [GPa]

magma Lame's first constant

mu_magma

21.9 [GPa]

magma shear modulus

nu_magma

0.25

magma Poisson's ratio

E_magma

54.62 [GPa]

magma Young's modulous

K_magma

36.3 [GPa]

magma bulk modulus

dP_magma

81 [MPa]

magma chamber pressure

VpVs_ch
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8.6 Results
The forward model that utilized the larger chamber produced results that were
unsurprisingly located outside of the caldera, over the larger region of the magma chamber [Fig.
8.31]. Encouragingly, though, the magnitudes of the modeled surface displacement are similar to
the calculated GPS displacement (see Chapter 7).

Figure 8.31. Surface displacement map resulting from the forward model of the 2008 Okmok
eruption as defined from seismic and petrologic data (top). The displacement is located outside of
the caldera, but it is clear from the profile view of the chamber (bottom), that this is because the
larger section of the chamber is located to the southwest of the caldera.
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Displacements from the smaller chamber model provide similar estimates of deformation
magnitude, but the displacement is now centered in the caldera, which agrees with the spatial
pattern observed in co-eruptive GPS data (see Chapter 7) [Fig. 8.32]. Even though the chambers
are different sizes, because the pressure change is a function of the calculated chamber volume,
the displacement remains the same for both models.
A benefit of being able to observe the model dynamics in a 3D, multiphysical, finiteelement, numerical model is that visualization of various physics-based processes are relatively
simple and straightforward. By analyzing the East and North components of motion separately we
can see that there is a skew in the overall displacement to the southwestern rim of the caldera. This
could explain a southwestern bias in deformation that is often indicated in the InSAR patterns, that
show less deformation occurring to the northeast.
The results of the von Mises stress plot with chamber deformation also help to visualize
such eruption characteristics as cone development and surface rupture. In Figure 8.33 the wire
frame indicates the original boundary of the magma chamber, while the blue surface is the
deformed boundary post-eruption. The colors show the von Mises stress (N/m2), or the yield
criterion, increasing and flaring out where the conduit meets the surface. Further study of these
and other factors could lead to a better understanding of the relationship between conduit radius
and radius of the eruptive cone.
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East

Displacement (m)
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Displacement (m)

Vertical

Displacement (m)

Figure 8.32. Surface deformation resulting from the 2008 eruption model in the East (top), North
(middle), and vertical (bottom) components. Scale bars indicate displacement in meters. The East
and North displacements show the effect of the shrinking chamber while the vertical deformation
is centered directly over the magma body.
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von Mises stress (N/m2)

Figure 8.33. Von Mises stresses (N/m2) on the surface of the chamber and conduit, as well as
displacement of the chamber. The wire outline of the chamber indicates its pre-eruptive volume,
while the blue area is the pos-erupted volume with associated von Mises stress mapping. Of
particular interest is the increased stress around the conduit outlet, which may be approximating
the widening of eruptive centers at the surface with increased stress.

8.7 Discussion
The construction of a 3D, multiphysical, finite-element, numerical model of the 2008
eruption at Okmok Volcano proved to be a rewarding exercise in that it proved, not only can a
model be constructed solely from measured values, but that new information and dynamics can be
observed.
8.7.1 Bias and error in model parameter calculations
There are of course still many errors and bias inherent in these models. The most subjective
issue is the Vp value to select for isosurface definition, and the validity of that isosurface given a
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seismic resolution of 2 km. This could be remedied by performing a new tomography inversion on
a smaller grid, with additional seismic events incorporated. There are also no error bars indicated
in seismic tomography inversions. Checkerboard resolution tests [Fig. 8.13] provide some
indication of the percentage of p-wave velocity change that can be resolved, but error regarding
the absolute value of the wavespeeds estimated cannot be quantified.
There has also been some concern that these seismic events, and therefore their
wavespeeds, are sampling the crust at very short time scales. This can be addressed with a counter
point that the seismic data used to create the tomography model is actually from 2004-2008. If
anything, this tomography model reflects wavespeeds that are averaged over four years, which at
an active volcano like Okmok, could be smoothing may signals together.
Additional concern for the application of the empirically defined equations presented in
Brocher [2005] to a thermomechanicaly dynamic volcanic environment is also valid. The
equations are fit to data mostly taken from California, so anomalous crustal properties, like those
imposed by volcanic arcs, may not be appropriate for use with equations determined for simple,
crystalline mafic rocks.
Petrologic data always comes with its own host of errors and bias because it is the sample
form of a magma that has cooled, and lost its volatile content. While corrections and care can be
taken when studying melt inclusions, there is always the possibility that some volatile content is
not accounted for.
8.7.2 Predicted surface displacement
To evaluate the comprehensive model presented here, we compare the predicted surface
displacements with the co-eruptive GPS displacements derived in Chapter 7 to reveal an interesting
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fit to the data [Fig. 8.34]. The model appears to do a good job of fitting the vertical deformation,
and even though those values appear large, when the total displacement for some of the GPS sites
is at ~ -3 m, 10 or 20 cm becomes relatively small. GPS site OK13 appears to again be poorly fit
by this model as well as the analytic model presented in Chapter 7, indicating that either this site
is too noisy, or there is perhaps a shallow feature or change in elastic parameters in that area that
produce more accentuated deformation. The encouraging feature of this figure is that the caldera
sites with the larger signals do not show a systematic pattern in the residuals. The sites on the
southeastern flank of the volcano have quite small residuals, but they are systematic, suggesting
that there is a deformation source that has not be adequately defined so to remove this general
signal.

475

Figure 8.34. Model residuals between the co-eruptive offset (disp3) calculated in Chapter 7 and
the surface displacement predictions produced by the multiphysical, finite element, numerical
model constructed from seismic and petrologic data in COMSOL Multiphysics®

8.7.4 Conceptual model of the 2008 eruption
Combining the history of what is known about eruptions and geomorphology at Okmok
Volcano with the newly presented 3D, multiphysical, finite-element, numerical model I present
my view of the conceptual model for magmatic storage at Okmok Volcano.
On the basis that there have been at least two significant caldera forming eruptions, it must
be true that 2 kya there was a magma source large enough to produce the 10 km diameter caldera
we see today. A significant eruption such as that, occurring twice, would most likely produce
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catastrophic collapse of the caldera floor, with large block of ignimbrite descending onto the roof
of the emptied magma chamber [Fig. 8.35]. As these blocks drop and settle they segregate what
was left of the magma chamber so that while the base may still be connected, as in a large sill, the
shallow areas where crystallization and differentiation take place may have been divided. I
hypothesize this could explain the demarcation seen between felsic cones to the north and mafic
cones to the south [Fig. 8.36], while still allowing for a single deformation source to be the location
of pressure change modeled during both the 1997 and 2008 eruptions. This would also be valuable
for explaining the spatial pattern of the cones, as they are generally aligned in a circular geometry
along the rim of the caldera, these would of course be the weak, friction planes where large blocks
had down dropped during caldera forming eruptive events, and the subsequent eruptions would
preferentially follow these weak zones along the edge, rather than competing with the coherent
solidarity of welded ignimbrites that span the center of the caldera floor.
With the major structure and geometry of Okmok defined from the 2008 eruption, smaller
magnitude dynamics can be further explored using time series analysis of geodetic, seismic, or
petrologic data. Pressure changes at depth due to incremental surface loading of over 100 m of
basalt on the western rim of the caldera, as eruptions from Cone A in 1945, 1958, and 1997 flowed
over the top of each other [Fig. 8.37]. Similarly, seasonal fluctuations to hydrologic loading
evidenced in GPS time series and the redistribution of subsurface fluids from surface loading of
lava might further compound pressure changes at depth potentially perturbing the ratio of magma
storage pressure and surrounding overpressure [Fig. 8.38]. The investigation into pressure
evolution at depth from multiple surface loading effects could be used to explain the sudden
phreatomagmatic eruption of Okmok in 2008 that formed a new eruptive cone, deviating from
patterns observed in the three previous eruptions.
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Figure 8.35. Conceptual model of the formation of Okmok’s main magmatic plumbing system
involves down dropping the caldera floor in blocky formations during the two main caldera
forming eruptions.
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Figure 8.36. Conceptual model of mixing within the large magmatic source as the caldera blocks
segregate the chamber and the cones preferentially sample areas with limited mixing.
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Figure 8.37. Map view of the conceptual model of surface loading from the 1945, 1958, and 1997
a’a lava flows that ran almost the entire length of the caldera floor (top) with a profile of how
pressures at depth are perturbed by this dynamic (bottom).
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Figure 8.38. Conceptual model of the perturbation of the ground water table with the evolving
stress conditions within the crust due to surface loading from the erupted lava flows. As the normal
force is exerted downward directly below the lava flows, at a distance from what can be considered
a point load, extension occurs, alleviating lateral pressure and creating a pathway for magma and
ground water to migrate within the crust.
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Figure 8.39. The ultimate stage of the conceptual models of the 2008 eruption at Okmok is the
interaction between the ground water and melt, leading to the sudden, explosive, phreatomagmatic
event that was observed on 12 July 2008.

8.7.5 Future model features
While this model is a vast improvement over previously published works, there are still
many features that can be incorporated into this multiphysical domain. Immediate interest involves
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the introduction of ring faults that allow for differential slip within the caldera compared to the
outside flanks [Fig. 8.40]. This is a priority because preliminary analysis of InSAR interferograms
that span the eruption indicate that the deformation gradient within the caldera is much higher than
outside of the caldera [Fig. 8.41]. Often these gradients are interpreted and modeled with a larger,
deeper deformation source that with low magnitude displacement situated below a smaller,
shallower deformation source that is responsible for the larger magnitude displacement gradient.
This relative change has been noted at other deforming calderas (i.e. Wolf Volcano, Galapagos)
where models of ring diking are found to provide a simple method for creating differential
deformation gradients without having to invoke two deformation sources [Xu et al., 2016].

Figure 8.40. Illustration of the expected location and effects of caldera ring dikes at Okmok
Volcano.
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Figure 8.41. Four InSAR interferograms generated from Envisat (left top and bottom) and ERS-2
satellites (right top and bottom). For each interferogram the primary and secondary images used
to generate the interferogram are indicated in white. The caldera is outlined in a black dotted circle
to highlight the change in deformation gradient (fringes) from within the caldera to the outside
flanks. Additional information regarding satellite and processing details can be found in Lu and
Dzurisin [2014].

The influence of a surface loading model that replicates the 1945, 1958, and 1997 eruption
deposits would also be an interesting and theoretically simple addition to such a model. This would
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be an exercise to observe the pressure change within the crust surrounding the magma chamber to
see if the overpressure required to create an eruption could be reached not only by increasing the
magmatic pressure within the chamber, but also reducing the confining pressure in strategic areas
of the crust.
Lastly, the incorporation of a hydrologic model is essential at Okmok Volcano, as
evidenced by the phreatomagmatic nature ot the 2008 eruption, and the complete redistribution of
the ground water surface post eruption. Clearly there is an active hydrologic environment that both
influences and responds to volcanic activity. These models have yet to be thoroughly developed
in a comprehensive manner at active volcanoes, but the water magma interaction would be a
fascinating study to explore.
8.8 Conclusions
While this model is preliminary and would benefit from the publication of new seismic
tomography datasets, the results are promising for future efforts to characterize an eruption using
available data. The ability to observe the volcanic environment as a total system within a crust,
perturbed by magmatic changes, creates the opportunity to observe and explore processes and
dynamics that may not have originally been considered. It is clear that to better understand and
eventually forecast volcanic hazards, these multidisciplinary models will need to be constructed.
Evaluating a finite moment in time with as much available data as possible has produced a
deformation model that is not unrealistic, and does not contradict any datasets. With better data
and more time adding in additional modeling complexities this could prove to be a robust model
for the eruption of 2008 at Okmok Volcano. When an essentially static model has been developed,
then further investigation into signals observed in geodetic, seismic, or gas emission time series
can be combined to investigate the mechanisms that are at play at Okmok Volcano, but attempting
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to do so before fully understanding a static model introduces so many variables that a unique set
of solutions will be difficult, if not impossible to resolve without extremely high resolution
multidisciplinary datasets. Hopefully the experiment tested in this work will provide a foundation
for future efforts to define volcanic models solely from geologic and geophysical datasets, and the
ability to create precise eruption forecasting models will become a possibility of the near future.
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CHAPTER 9
CONCLUDING REMARKS

9.1 Scientific contributions
The scientific contributions within this work include data processing and publications for
remote volcanic islands that are under instrumented and have limited data availability. The
discussions that result from the thorough testing, analysis, and creative approach to geodetic,
seismic, and petrologic data processing and modeling techniques in volcanic environments.
Methods that have been considered accepted and established should not be blindly applied. As
access to data and computing power increases, interdisciplinary scientists are tempted to apply
models or processing techniques that appear to give them the results they desire, but a complete
understanding of the physical problem being investigated, the measurements that are actually
included in the data, and the influence of processing and modelling methods on the data and
interpretation are now even more important than ever. Simply processing and publishing data is
no longer a novel contribution, attention to this aspect of the process of scientific inquiry in
publications that utilize geophysical data to define volcanic models during the past two decades.
Investigations into the noise, error, and bias involved in many popular and commonly
published processing and modeling techniques have revealed that this topic warrants further
discussion and attention [DeGrandpre and Lu, accepted]. Many of the techniques and methods
have been considered robust and unquestionable, but each chapter in this work provides an
example of how frequently proper consideration for the limitations and strengths of the dataset in
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question, as it relates to the natural, physical environment, is ignored or misunderstood. The
publication reproduced here in Chapter 2 [DeGrandpre and Lu, accepted], highlights common data
processing and volcanic deformation source modeling errors inherent in GPS and InSAR data that
are often not mentioned or accounted for in published interpretations of both data and model
results. Appendix 3A of the work presented in Chapter 3, published as DeGrandpre et al. [2017],
provides detailed guides that describe the subjectivity and errors introduced when removing
tectonic signals from GPS data. A statistical comparison of three deformation source geometries
with discussion of the effects that assumptions and geometry of each model have on model
parameter estimates is also included in Appendix 3B [DeGrandpre et al., 2017]. Chapter 4 [Wang
et al., 2018] investigates a method for estimating and removing atmospheric noise from InSAR
data, as well as processing methods to subsample noisy data. This chapter provides an example of
the limitations involved with these data processing methods, but also of the inability of the simple
analytic point source model [Mogi, 1958] to characterize deformation source parameters when
PSInSAR data contains signals that are not purely volcanic [Wang et al., 2018]. The analysis and
modeling published as DeGrandpre et al. [2019] and presented here in Chapter 5 discusses the
limitations of many established InSAR processing techniques for remote, large magnitude,
spatially extensive, deforming volcanic islands. The error, noise, and bias introduced by such
processes as quadtree subsampling, time-series analysis, semivariogram spatial noise estimation,
atmospheric noise estimation from non-deforming images, and adaptations of these established
methods are produced and discussed with thoroughness not previously provided in literature. The
report included as Chapter 6 [Dietterich et al., submitted] highlights data acquisition limitations in
remote volcanic environments while emphasizing the need for multidisciplinary monitoring
efforts. Chapter 7 provides an example of the information that can be obtained simply by using a
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comprehensive understanding of the data and processing methods to analyze specific geophysical
events. This can be done without applying additional and occasionally unnecessarily complicated
models or processing methods which may introduce unquantifiable error, bias, or noise. Finally,
in Chapter 8, the use of multidisciplinary datasets in a 3D, finite-element, multiphysical model
attempts to resolve inconsistent magma storage parameters that each discipline describes
separately. While these datasets and model are not without error, bias, or noise, integrating them
in one multiphysical model allows for an interpretation that does not ignore data outside of a single
discipline. Depending on the mechanism or feature being observed, grave implications can result
from haphazard application of inappropriate processing techniques or models, but as this work
highlights, continuing efforts to address the limitations inherent in data and models can lead to
more realistic characterizations of volcanic plumbing systems.
A major scientific goal of this work was to provide a new avenue and foundation from
which geophysical models of volcanic plumbing systems can advance to incorporate all available,
interdisciplinary datasets into multiphysical model environments that do not require fundamentally
invalid assumptions for the natural world. While the models presented here may not be the
comprehensive solution that allows for precise definition of volcanic plumbing systems, hopefully
the thought process presented here inspires additional scientific creativity and contemplation that
will spark innovative research in the near future.
Products of this dissertation include:
Akutan:
–

Updated, daily positions at 12 local, continuous GPS stations for east, north, and vertical
components from 2002-2016
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–

First analysis and establishment of tectonic velocity estimate for Akutan Island

–

Identified 2008 and 2014 inflation episodes in both GPS and InSAR data

–

Magma volume flux from 2006 to 2017

-

First presentation of Yang, prolate spheroid deformation source model tested

–

First attempt at using PSInSAR to create deformation models

–

First comparison of different methods for estimating tectonic velocity at Akutan Island

Semisopochnoi:
–

First integrated study of TerraSAR-X and Sentinel-1 interferograms with high-resolution
relative earthquake catalog

–

First detection of 2014 and 2015 inflation episodes

–

Eruption response InSAR deformation reports for 2018 fall activity

-

First presentation of Mogi point source, Okada dislocation plane, and Yang prolate
spheroid deformation source model parameter estimates

-

First assimilation of numerous (66) interferograms in order to produce deformation source
parameter evolution through time

–

Analysis of error and bias in quadtree, semivariograms, time series, and stable reference
pixel effects on InSAR data with complete land coverage of large magnitude deformation

–

Testing of 3 published regional AVO velocity models for a priori use in tomography
inversions
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–

Creation of a synthetic velocity model from geodetically defined deformation source
parameters

-

First use of tomodd seismic inversion model at this volcano

-

First conceptual model of magma storage and episodic inflation

Okmok:
-

Updated, daily positions at 11 local, continuous and campaign GPS stations for east, north,
and vertical components from 2002-2019 relative to NOAM and ITRF

–

Updated tectonic velocity estimate for Umnak Island

–

First calculation of co-eruptive displacement from the 2008 eruption

–

First estimate of elastic parameters of the local crust at Umnak Island

-

First construction of a co-eruptive deformation model for the 2008 eruption

-

First integration of seismic and petrologic data into a dynamic, multiphysics, finite element,
3D, numerical deformation model

-

First application of McTigue spherical cavity and Fialko penny shaped sill analytic models

-

Development of simple/efficient method for estimating co-eruptive deformation from a
mix of continuous and campaign GPS sites

9.1.1 Peer reviewed publications produced during doctoral studies
DeGrandpre, K. G. and Lu, Z., accepted. Remote sensing applications to characterization of
geohazards and natural resources. Chapter 3.1.3 Geohazards: Volcanic Hazards - Modeling of
remote sensing data: common practices, state of the art, and limits. Springer. Estelle Chaussard
ed.
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DeGrandpre, K. G. and Freymueller, J.T., 2019. Tectonic vertical velocity and Earth structure of
Northern and Western Alaska using repeat GPS measurements and glacial isostatic modeling.
Journal of Geophysical Research – Solid Earth.
DeGrandpre, K. G., Pesicek, J. D., Lu, Z., DeShon, H. R., and Roman, D. C., 2019. High rates of
inflation during a non‐eruptive episode of seismic unrest at Semisopochnoi Volcano, Alaska in
2014‐2015. Geochemistry, Geophysics, Geosystems.
Wang, T., DeGrandpre, K. G., Lu, Z. and Freymueller, J.T., 2018. Complex surface deformation
of Akutan volcano, Alaska revealed from InSAR time series. International Journal of Applied
Earth Observation and Geoinformation, 64, pp.171-180.
DeGrandpre, K. G., Wang, T., Lu, Z., & Freymueller, J. T., 2017. Episodic inflation and complex
surface deformation of Akutan volcano, Alaska revealed from GPS time-series. Journal of
Volcanology and Geothermal Research, 347, 337-359.
Kim, J.W., Lu, Z. and Degrandpre, K. G., 2016. Ongoing deformation of sinkholes in Wink, Texas,
observed by time-series Sentinel-1a SAR interferometry (preliminary results). Remote Sensing,
8(4), p.313.
9.2 Future work
This work focused on applying analytic and numerical geophysical models to volcanic
processes. While this is a discipline with regular publications advancing the science through
integration of multidisciplinary datasets and/or 3D finite-element, multiphysical models, they are
generally linear in their thinking because they often combine multiple established processing or
modeling methods and follow previously published works in order to describe entire deformation
time series without first pausing to consider the best practice for investigating a volcanic plumbing
system. New approaches to integrate interdisciplinary datasets with statistically robust processing
and modeling efforts are crucial for meaningful advances for modeling volcanic plumbing systems
in an effort to eventually produce precise forecasting tools that will prevent socioeconomic loss
from volcanic hazards. Many modeling techniques are preciously discussed in Chapter 2, so
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instead this section will discuss tangible projects for the immediate future at the three Aleutian arc
volcanoes presented in this work.
9.2.1 Akutan volcano future work
Future work at Akutan will involve continuous updates and monitoring of surface
deformation, seismic events, thermal anomalies, and eruptive events. This volcano is particularly
complicated with failed eruptions, episodes of significant deformation, regional and localized
tectonic stresses, and an active hydrothermal regime both at the summit and to the east of the
volcano. Rather than comparing geodetic and seismic datasets, as was done in Chapter 3, direct
integration within a multi-physical finite element model could be used to definitively locate
magma storage and migration while providing an explanation for the relative timing of
deformation and seismic events. At a minimum, inversion modeling bias and error could further
be explored by using the geodetic model predictions of deformation source parameters as a priori
information for seismic tomography models, and vice versa. Additionally, an extensive
geochemical analysis of erupted products could provide a better estimate of how long magma is
stored and to what degree mixing and hydration occurs. This would provide more insight into the
size of the storage region and whether volume changes estimated from geodetic deformation
source models are the result of mass flux from depth, crystallization, or thermodynamic and
volatile evolution.
Akutan Volcano also presents a valuable opportunity to further investigate the relationship
between groundwater and magma migration at depth. From 2008-2018, exploration of the Hot
Springs Bay Valley geothermal area was conducted in order to produce a preliminary feasibility
report for the construction and sustainability of a geothermal power plant [Mann et al., 2019]. The
model produced from a decade of measurements predicted that there are two locations with viable
501

geothermal resources [Mann et al., 2019], but the complicated interaction between groundwater
and stored or evolving magmas is not well defined or understood. The 1996 “failed eruption” that
created ground cracks on the western flanks of the volcano, where magma approached the surface
but failed to erupt, was preceded by a significant increase in shallow seismic activity in the Hot
Springs Bay Valley region ~5 km east of the volcano [Jolly et al., 2001; Lu et al., 2000, 2005].
This indicates that shallow magma flux perturbed the distant hydrothermal system sufficiently to
produce a stress change in the crust that was significant enough to result in the brittle failure
recorded as seismic events. However, more extensive spatial inflation events, such as the 2008 and
2014 episodes, did not have this effect on the hydrothermal system. While the modeled
deformation source for these later events, inferred to be a magma body, is horizontally located
closer to Hot Springs Bay Valley, it is estimated to be at a much greater depth than that of the 1996
“failed” eruption [DeGrandpre et al., 2017; Lu et al., 2000, 2005]. The volcano is well
instrumented with GPS stations that record both volcanic deformation and changes in seasonal
displacement of the crust that results from surficial hydrologic loading. Comparing the geodetic
data with snow and rainfall measurements from local weather stations and groundwater
temperature, heat flow, and volume flux estimates could prove extremely valuable for defining the
temporal relationships between rain and/or snowfall events with the elastic response of the crust
and the thermodynamic evolution of the ground water system. Before this complicated dynamic
can be studied, we must first quantify and define the existing hydrothermal system.
With the continuous acquisition of new and improved SAR data, future work should
continue to focus on estimating and removing atmospheric effects for remote, deforming, volcanic
islands. Chapter 4 shows that the current datasets were not adequate for such a study, but expected
advances in spaceborne radar technology from future missions such as NISAR, will undoubtedly
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improve data quality so that the high spatial resolution of InSAR interferograms can be exploited
for multi-disciplinary investigations into the magmatic plumbing system at Akutan Volcano.
9.2.2 Future work at Semisopochnoi Volcano
Eruptive activity at Semisopochnoi Volcano during 2018 is discussed in Chapter 6
[Dietterich et al., submitted], but small eruption events continued into 2019. A thorough, multidisciplinary investigation of the 2018-2019 activity and in particular, as it relates to the noneruptive, inflation events measured in 2014 and 2015 [DeGrandpre et al., 2019]. Significant
inflation occurred at Semisopochnoi Volcano in 2014 and 2015 [DeGrandpre et al., 2019], but no
deflation or inflation has been observed since, even during the eruption activity that occurred in
the fall of 2018 [Dietterich et al., submitted]. This indicates that chemical, thermal, or volatile flux
processes are most likely responsible for the recent eruptive activity. Creating a magma storage
model, initiated by two episodes of magma volume flux from depth in 2014 and 2015 would be an
interesting exercise to investigate the crustal stress involved in pressurizing the system through
volume flux of melt and volatiles, crystallization, convection, and/or mixing effects. The fall 2018
eruptions released gas, ash, and steam yet the overall volcanic plumbing system remains
pressurized and stressed from the 2014 and 2015 events. Ongoing relocation of seismic events and
attempts to create a tomography map may also provide insight into the crustal stress response to
these processes.
Discussion with Dr. Diana Roman of the Carnegie Institution for Science also led to a
preliminary study comparing moment tensor inversions and the evolution of principal stress
directions in active subduction zone and volcanic environments resulted in some loose correlations
that would require additional processing. Additional models such as a Mohr Coulomb stress model
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could prove useful for additional definition of the linear aseismic zone identified by DeGrandpre
et al. [2019].
9.2.3 Future work at Okmok Volcano
While many studies concerning the storage and evolution of magma at Okmok volcano
have been conducted, none have been constructed to explain the evolution in eruption mechanism,
location, and type that occurred between the 1997 and 2008 eruptions. A conceptual model [Fig.
7.11] produced by Larsen et al. [2013] shows the wide range of data and model estimates available
at Okmok Volcano.
An important factor that is missing from these studies is quantification and mapping of the
stress regime at Okmok. It is clear that the extensional setting has an influence over basic
geochemistry at this volcano, should it not be further explored to see if it also controls local
eruption dynamics? I hypothesize that large, regional tectonic faults at depth, trending northeastsouthwest, control the location of magma storage and facilitate its migration from depth. These
tectonic stresses are related to the rotational nature of the Bering plate and the oblique subduction
of the Pacific plate. The lack of seismic forewarning and phreatic nature of the 2008 eruption are
indicators that this was an eruption triggered by sudden depressurization. This could be due to
either the contact between a larger source of groundwater and stored magmas or the rapid
exsolution of volatiles possibly released because severe hydrothermal alterations weathered
channels in the host rock. Once the magma has migrated from depth through tectonically controlled
pathways to a shallow storage region, I hypothesize that groundwater and localized ring faulting
around the caldera control the style and timing of eruptions. This could be tested by integrating
magnetotelluric data with seismic ambient noise interferometry into a multiphysical model, such
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as the one presented in Chapter 8, that investigates such features as the seasonal signals recorded
in GPS time-series.
At Okmok Volcano the groundwater surface has only ever been exposed in the eastern half
of the caldera floor. This is a function of topography, as the relative topographic high in the caldera
floor is to the west with a gradient decreasing to the east. Seasonal variations in the Aleutians are
significant and the water loading signal associated with these variations is obvious in GPS data
[Fig. 7.2]. My hypothesis is that surface loading on the west side of the volcano, from the extrusion
of the 1945, 1958 and 1997 lava flows, has been slowly depressing that region of the caldera floor.
This long-wavelength loading effect is coupled with seasonal variations which then changes the
distribution of surface pressure and results in relocation of the groundwater surface. The
impermeable nature of the 1945, 1958, and 1997 lava flows forced the groundwater to migrate
towards the weak, saturated, topographically low region to the east, rather than coming to the
surface in the western caldera. As a flux of groundwater has slowly been pushed to the east
additional hydrothermal alterations near the boundaries of the primary magma storage created
weakened pathways to the surface.
9.3 Conclusion
In conclusion, this dissertation presents GPS, InSAR, seismic, and petrologic datasets with
analytic and numerical models of deformation sources in an effort to better define the volcanic
plumbing systems of Akutan, Semisopochnoi, and Okmok Volcanoes in the Aleutian Arc.
Challenges and limitations still plague these datasets and models, but discussions and results
included within these chapters increase awareness of the errors, bias, and noise not mentioned in
previous literature. Each chapter also provides novel techniques and methods for analyzing data
and constructing models to better define the complicated dynamics observed at each individual
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volcano as well as generally within volcanic arc environments. Further development of
multiphysical models constructed from high-resolution, multidisciplinary datasets such as that
produced in Chapter 8, will ultimately allow for the forecast and mitigation of volcanic hazards.
This dissertation contributes to a general characterization of the Akutan, Semisopochnoi, and
Okmok volcanic plumbing systems and evolves 3D, numerical, finite-element modeling
techniques, but exciting advancements in computational power and efficiency, data availability,
and comprehension of geophysical and geologic processes will continue to facilitate future
progress within the discipline.
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